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Preface

Fiber lasers are key components that have attracted wide attention owing to their advantages
such as compact structure, high peak power, high efficiency, and excellent beam quality. To date,
considerable efforts have been undertaken to improve the emission performance of optical fiber
lasers, including their pulse duration, peak power, and stability. Furthermore, high-peak-power fiber
lasers have been adopted as an edge tool in both research and industry fields, such as nonlinear
optics, optical imaging, laser processing, and 3D printing. The aim of this reprint is to provide a

comprehensive exploration of fiber lasers and their diverse applications.

Song Yang, Ling Zhang, Zhiwei Zhu, and Li Li
Editors
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Abstract: The saturable absorber of niobium diselenide (NbSe;,), with a wide working bandwidth
and excellent nonlinear optical response, was prepared using liquid-phase exfoliation. Its saturation
intensity and modulation depth were 5.35 MW /cm? and 6.3%, respectively. Stable mode-locking
with a center wavelength of 1558.7 nm of an erbium-doped fiber laser based on a NbSe, saturable
absorber was successfully achieved. The maximum average output power of the mode-locked laser
was 6.93 mW, with a pulse width of 1.3 ps and a repetition rate of 25.31 MHz at a pump power of
550 mW. The results show that NbSe; is a promising photoelectric modulation material owing to its
excellent nonlinear optical properties.

Keywords: niobium diselenide; saturable absorber; nonlinear absorption characteristics; fiber laser;
mode-locked laser

1. Introduction

Ultrashort pulse lasers have been widely applied in medical diagnosis, optical de-
tection, material processing, precision machining and fiber communication due to their
advantages of a narrow pulse width and high peak power [1-3]. Passive mode-locking tech-
nology is the main method used to achieve ultrashort pulse output. Compared with other
lasers, fiber laser has the advantages of a low cost, compact structure, high efficiency, easy
integration and good stability. Therefore, passive-mode-locked fiber lasers have become a
research hotspot [4-6].

The passive mode-locked laser cannot be realized without the help of a saturable ab-
sorber (SA). Although the traditional semiconductor saturable absorption mirror (SESAM)
has a mature preparation technology and high stability, it is expensive and has a narrow
working band [7]. Therefore, it is necessary to explore new SAs. The detailed study of
graphene material has aroused research interest in SAs based on two-dimensional (2D)
materials. Researchers have found that many 2D materials exhibit special linear and non-
linear (e.g., saturable absorption) properties in terms of optics, ranging from visible to
mid-infrared light. This research shows that 2D materials have many potential applications
in optical devices [8-11]. Exploring 2D materials with excellent optical properties is a key
factor in developing high-performance pulsed lasers [12].

To date, 2D materials with saturable absorption have been discovered, including
graphene [13,14], black phosphorus (BP) [15,16], topological insulators (TIs) [17,18], MX-
enes [19,20] and transition metal dihalides (TMDs) [21-24]. Among them, TMDs have
garnered considerable attention due to their fast saturation recovery time and large modu-
lation depth [25-28]. TMDs have a chemical formula of MX;, where M represents transition
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metal elements (W, Mo, Nb, Ta) and X represents chalcogen elements (S, Se, Te) [29-32]. In
recent years, NbSe, has become a hot research topic in TMDs due to its unique properties,
such as an excellent photoelectric response, high carrier mobility and superconductiv-
ity [33-35], making it a popular candidate material for optoelectronic device applications.
In 2018, Shi et al. deposited NbSe, quantum dots onto a D-type fiber to achieve mode-
locked lasers that operate at 1 and 1.5 pm [36]. In 2020, Chen et al. prepared a NbSe;
saturable absorber using the mechanical stripping method and realized a mode-locked
pulse output with a central wavelength of 1036 nm and a pulse width of 174 ps [37]. In the
same year, Yang obtained a mode-locked laser with a pulse width of 697 fs and a central
wavelength of 1556.3 nm using an optical deposition method [38].

In this paper, we prepared an NbSe, SA using liquid-phase exfoliation (LPE). The
nonlinear test results show that the saturation intensity, modulation depth and nonsaturable
absorption were 5.35 MW /cm?, 6.3% and 67.18%, respectively. We inserted the SA into an
erbium-doped fiber laser, successfully achieving a stable mode-locked pulse laser output
at pump powers ranging from 90 to 550 mW. At a pump power of 550 mW, the pulse
width, repetition rate and average output power were 1.3 ps, 25.31 MHz and 6.93 mW,
respectively. The center wavelength of the mode-locked laser was 1558.7 nm. The root
mean square (RMS) instability of the mode-locked laser at the pump power of 550 mW was
less than 1%. We achieved a higher output power and more stable laser output than other
reported results of mode-locked lasers based on NbSe; SA. The experimental results show
that NbSe; has excellent nonlinear optical properties and future applications in ultrafast
photonics devices.

2. Preparation and Characterization

In our experiment, NbSe, nanosheets were prepared using the LPE method due to its
low cost, simple operation and easy realization of large-scale preparation. Firstly, we added
50 mg of sodium dodecyl sulfate (SDS) and 300 mg of polyvinyl alcohol (PVA) to 20 mL
of deionized water (DI), heated it to 90 °C, and kept it for half an hour to fully dissolve
the SDS and PVA. Secondly, we added 100 mg of NbSe, powder to the above solution
and placed it in an ultrasonic cleaning machine for 10 h. Finally, the mixed solution was
centrifuged at a speed of 5000 rpm for 1 h, and 4 of the supernatant was taken to make the
NbSe; nanosheet solution used in our experiment. The nanosheet solution was dropped
onto the fiber jumper and the fiber was dried in the drying cabinet for 24 h. As shown in
Figure 1, we deposited NbSe,-PVA on the end face of the fiber jumper.

(@ ®) © @Ol @©
= -

Figure 1. Preparation process of NbSe,-PVA SA. (a) SDS and PVA mixture. (b) NbSe, powder.
(c) NbSe,-PVA dispersion. (d) Dispersion was dropped onto fiber end face. (e) NbSe,;-PVA was
deposited on fiber end face.

The nanosheet solution was spin-coated onto the silicon substrate for characterization.
Raman spectroscopy was used to characterize NbSe, nanosheets, and the corresponding
results are presented in Figure 2. Figure 2a illustrates that two peaks were observed at
227.7 and 238.5 cm ™!, which correspond to the Ajg and E! 2¢ vibrational modes of NbSe;,
respectively. These findings are similar to those reported previously [38]. The scanning
electron microscopy (SEM) image of the NbSe; nanosheets is shown in Figure 2b. NbSe;
nanoparticles were uniformly distributed on the substrate. Furthermore, atomic force
microscopy (AFM) was employed to characterize the material. As illustrated in Figure 2c,
the thickness of NbSe, nanosheets was about 50 nm according to the marked line profiles.
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Figure 2. (a) Raman spectrum of NbSe; nanosheets. (b) SEM image of NbSe, nanosheets. (c) AFM
image of NbSe, nanosheets.

A technique using a balanced twin-detector measurement was used to measure the
saturable absorption characteristics of NbSe, nanosheets. The experimental setup is il-
lustrated in Figure 3a. The pump laser, with a tunable wavelength in the near-infrared
range, has a pulse duration of 300 fs and a repetition rate of 75 kHz. The experimental
results were fitted using a non-linear transmission function. The relationship between light
transmittance T and incident light intensity I can be described as follows [39]

r—1-_2T g (1)

- 141/ Isat o
where AT is the modulation depth, Is,; is the saturation intensity, and T is the nonsaturable
absorption. The dependence of transmittance on the pump fluence is shown in Figure 3b.
According to the fitting results, the modulation depth, saturation intensity and nonsaturable
loss of NbSe, SA are determined to be 6.3%, 5.35 MW /cm? and 67.18%, respectively.

Attenuator

Ultrafast laser Detector
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Figure 3. Cont.
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Figure 3. (a) Balanced twin-detector measurement system. (b) Nonlinear transmittance diagram of
NbSe; nanosheets.

3. Results and Discussion

The experimental setup of mode-locked fiber laser based on NbSe,-PVA SA is depicted
in Figure 4. A ring cavity structure was adopted, including a pump source (a 976 nm laser
diode LD), 976/1550 nm wavelength division multiplexer (WDM), erbium-doped fiber
(EDF), polarization controller (PC), polarization-independent isolator (PI-ISO), NbSe,-PVA
SA, single-mode fiber and 90/10 output coupler (OC). The pump light was coupled to the
laser cavity through 976/1550 nm WDM. A 0.7 m single-mode erbium-doped fiber (Er80-
8/125) was employed as the laser gain medium. PC was applied to adjust the polarization
state of the laser. We used PI-ISO to ensure the unidirectional propagation of light in the
laser cavity. The 90/10 OC was applied to the output laser. The total length of the ring laser
cavity is about 8 m.

LD

PI-ISO

~ —

Figure 4. Erbium-doped mode-locked fiber laser based on NbSe,-PVA SA.

During the mode-locked experiment, the PC was adjusted to change the polarization
state in the cavity. The laser pulse was observed using 5 GHz photodiode (Thorlabs,
DETO08CFC /M) and 500 MHz real-time oscilloscope (KEYSIGHT DSOX3052T). At a pump
power of 90 mW, the laser changed from continuous light to a mode-locked pulse, which
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was observed using the real-time oscilloscope. A stable mode-locked laser was obtained as
the pump power was further increased, from 90 to 550 mW.

At a pump power of 550 mW, the pulse sequence diagram of the mode-locked laser
observed by the oscilloscope is illustrated in Figure 5a. The pulse interval is about 39.5 ns,
corresponding to a repetition rate of 25.31 MHz, which is consistent with the result esti-
mated from the cavity length. Then, the mode-locked laser spectrum was measured by a
spectral analyzer (Agilent 86142B) with a resolution of 0.06 nm, and the result is demon-
strated in Figure 5b. The center wavelength of the mode-locked pulse is 1558.7 nm, and the
3 dB bandwidth is 4.69 nm. The mode-locked laser was measured with an autocorrelator
(A.PE. pulseCheck), and the data are shown in Figure 5c by the sech? fitting. The full
width at half maximum (FWHM) of the autocorrelation trace is 2 ps, which means that
the pulse duration is 1.3 ps, assuming a hyperbolic secant shape. The calculated time-
bandwidth product (TBP) is 0.753, whereas the theoretical limit value of TBP is 0.315. Our
experimental results indicate that the mode-locked pulse has some chirp. Figure 5d shows
the radio frequency (RF) spectrum measured by an RF signal analyzer (Agilent N9020
A). The repetition rate of the mode-locking laser is 25.31 MHz, and the signal-to-noise
ratio (SNR) reaches 80 dB, indicating a highly stable mode-locking operation. Figure 5e
demonstrates the relationship between the output power and pump power. At a pump
power of 550 mW, the output power is 6.93 mW and the corresponding optical conversion
efficiency is calculated to be 1.26%. The calculated single pulse energy and peak power are
about 0.27 nJ and 207.7 W, respectively. To test the stability of the laser, the output power
curve of the mode-locked laser for 30 min at a pump power of 550 mW was measured, as
shown in Figure 5f. The calculated RMS instability of the output power of the mode-locked
laser is less than 1%.

@ o

AL=4.69 nm
he=1558.7 nm

N
S

Intensity (a.u.)

Intensity (dBm)
4 '
<

®
S

'
o
S

530 1540 1550 1560 1570 1580 1590 1600

-150 50 0 50 1 Wavelength (am)
Time (ns) avelength (nm
(©) (d)
[—Fitting curve
0.8 -60
= TFWHM =2 ps g 90 80 dB@25.31 MHz
Z 06 T =13ps z
&
z £
= 0.4 H
f £
E02
0
21
6 4 -2 0 2 4 6 2520 2525 2530 2535 2540 2545
(e) Time (ps) f) Frequency (MHz)
; T T 8.0
3 -
"
=6 ]
BE y /o/ §7.6 F
-5 e
= / E«
5 o =72t
H 4 Ve 2
/l =3 OO o o —t—O—0—
- S S— —s
g3 el 568¢
3 -~ &
82 7 E
- C64
1 -/
0l " . i i 6.0 A . . A .
100 200 300 400 500 0 5 10 15 20 25 30

Input power (mW) Time (min)

Figure 5. Output characteristics of the laser at 550 mW pump power. (a) Pulse train. (b) Spectrogram.
(c) Autocorrelation trace. (d) RF spectrum. (e) Relationship diagram between the output power and
pump power. (f) Stability of output power of mode-locked laser at pump power of 550 mW.
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Removing the NbSe,-PVA SA from the cavity and observing that no mode-locked pulsed
laser is generated, even after adjusting the polarization controller and changing the pump
power, confirms that the mode-locked operation is indeed caused by the NbSe,-PVA SA.

4. Conclusions

In summary, we prepared an NbSe;-PVA saturable absorber using LPE and inserted
it into a homemade erbium-doped fiber laser. The laser produced stable mode-locked
pulses with an output power of 6.93 mW, a center wavelength of 1558.7 nm, a repetition
rate of 25.31 MHz, and a pulse width of 1.3 ps at a pump power of 550 mW. The output
power of the mode-locked laser was measured for 30 min at the maximum pump power.
The RMS instability of the output power was less than 1%. The results suggest that
NbSe; has excellent nonlinear optical properties and promising applications in the field of
ultrafast lasers.
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Abstract: A compact, orthogonally polarized, gain-switched a-cut Ho:LuLiF, laser with intra-cavity
pumping by a self-Q-switched Tm:YAP laser is demonstrated here for the first time. The m-polarization
laser at 2052 nm and o-polarization laser at 2066 nm were experimentally observed with the maximum
output power values of 299 mW and 126 mW, respectively, and the two polarization directions were
always kept mutually orthogonal as the pump power increased. The ratio of the output power
between the two orthogonal polarization lasers was nearly 1:1 at a pump power of 18.4 W. The
minimum pulse width of the Ho:LLF laser was 326 ns, the maximum repetition rate was 24 kHz, and
the maximum average energy was 28 pJ.

Keywords: orthogonally polarized laser; Ho:LuLiF,; dual-wavelength

1. Introduction

Ultrafast lasers operating in the 2 um eye-safe spectrum waveband have attracted
much attention for a variety of applications in differential absorption lidars, coherent
Doppler wind lidars, remote sensing, laser medicine, and nonlinear frequency conversion
in the mid-infrared band [1-6]. Both Tm3* and Ho®** ion-doped lasers are able to generate
lasers in the 2 um band. Compared with Tm-doped lasers, Ho-doped lasers can achieve
higher optical-to-optical conversion efficiencies, theoretically close to 95%. The optical-to-
optical conversion efficiency of single-doped Ho lasers is also significantly higher than
that of the widely used Tm and Ho co-doped lasers (the theoretical limit is below 45%) [7].
Single Ho-doped laser crystals have the advantage of high-energy storage, which provides
a reliable guarantee of high-energy laser output. Compared with single Tm-doped and
Tm-Ho co-doped laser crystals, single Ho-doped laser crystals possess a larger excited
emission cross-section (the emission cross-section of Ho ions is about five times larger
than that of Tm ions), a long fluorescence lifetime, and a long upper energy level lifetime
(~10-16 ms), which facilitates energy storage for Q-switched laser output and is less likely
to cause damage to materials [8-11]. Among the Ho-doped crystals that have received
widespread attention such as aluminate crystals (YAG/YAP), silicate crystals (Re;SiOs),
tungstate crystals (KY(WOQy);), and fluoride crystals (LiYFy), fluoride crystals usually have
smaller phonon energies and larger energy level lifetimes. Ho:LuLiF, (Ho:LLF) crystals,
as members of the fluoride crystal family, can be used in excellent single Ho-doped lasers.
In Ho:LLF, the larger ionic radius of the matrix Lu®* ions can generate a stronger crystal
field and induce the doped Ho ions to form a larger amount of energy level splitting, which
results in Ho:LLF having a wider spectral range and a lower laser threshold [7,12]. Ho:LLF
crystals belong to the tetragonal crystal system and possess two polarization directions,
namely the electric field E/ /a axis of the o-polarization direction and the m-polarization
direction of the E_la axis. Both directions can produce linearly polarized laser output.
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LLF crystals have higher natural birefringence characteristics and lower upconversion
efficiency in lasers compared with YAP and YAG crystals [13]. Additionally, Ho:LLF crys-
tals have good thermo-optical and thermomechanical properties. For Ho:LLF crystals, the
thermal conductivity (a-axis) is 4.3 Wm~!K~!, the linear expansion coefficient (c-axis) is
11 x 107® K1, and the thermal coefficient of refractive index dn/dT (c-axis) is
—3.6 x 107¢ K~! [7]. Ho:LLF crystals have many features such as a low upconversion loss,
negative thermo-optical coefficient, high resistance to optical damage, and no thermally
induced birefringence. These excellent features make Ho:LLF crystals attractive for applica-
tions in 2 pm lasers and optical amplifiers [14]. Recently, Ho:LLF lasers operating in the
continuous wave and Q-switched modes were studied [15,16]. However, the co-existence
of dual wavelengths for orthogonal polarizations in a gain-switched Ho:LLF pulse laser
has not been investigated.

An orthogonally polarized laser oscillates two adjacent longitudinal modes with a
mutually perpendicular polarization state, with the wavelength (or frequency) difference
between the two orthogonally polarized longitudinal modes resulting in a dual-wavelength
laser. An orthogonally polarized dual-wavelength laser has a remarkable physical charac-
teristic: the laser wavelength (or frequency) interval can be continuously tuned from tens
of MHz to one longitudinal mode interval (several GHz) or even more. Dual-wavelength
lasers have been extensively and intensively used in lidars, terahertz research, nonlinear fre-
quency conversion and the generation of multiple types of solitons in fiber lasers, precision
laser spectroscopy, and medical applications [6,17,18]. Orthogonal polarization lasers have
been a hot item of international interest. In 2010, X. P. Yan et al. developed a 26.2 W orthog-
onally linearly polarized Nd:YVOj laser by adopting two c-axis orthogonally a-cut bonded
YVO,/Nd:YVOy crystals. Each end face of the laser crystals was pumped by a diode
laser, which allowed for the more efficient generation of orthogonally polarized linearly
polarized lasers and equalized the energy of the dual-wavelength output laser [19]. In 2015,
Z.Jing et al. selected the Nd:LiYF crystal as the gain medium and theoretically analyzed
the conditions for simultaneous 7- and o-polarized emissions from the four-level transition
in Nd3*. An orthogonally polarized dual-wavelength laser at 1047, and 1053, 1321, and
1313 nm was operated in the stable CW mode by using a simple linear resonator [20]. For
the 2 um waveband, Segura et al. reported emissions operating simultaneously in the CW
mode at 1922 and 1946 nm by using a Tm:KLu(WO,) crystal. The polarization switching of
a Tm:KLu(WOQ,) laser was shown with an increased pump power [21]. X. L. Zhang et al.
studied the switching of orthogonal polarizations and optical bistability in a Tm—Ho:LLF
laser. The switching of the m-polarization at 2069 nm and o-polarization at 2066 nm were
experimentally observed [22]. Previous studies on dual-wavelength, orthogonally polar-
ized lasers have mostly focused on lasers operating in the 1 um waveband or Tm and Ho
co-doped lasers in the 2 pm waveband [22-25]. However, there have been no experimental
studies of the polarization characteristics of single Ho-doped LLF lasers at 2 um.

In this paper, we demonstrate the polarization coexistence between two orthogonal
polarizations of a gain-switched Ho:LLF laser. A compact intra-cavity pumped construction
was adopted, and the gain-switched Ho:LLF pulse laser was obtained from a self-Q-
switched Tm:YAP laser without extra Q-switched components. In this experiment, the
output power of two orthogonal polarization lasers was simultaneously and individually
measured. The polarization characteristics of the gain-switched Ho:LLF laser and the
energy ratio between two orthogonal polarization lasers are presented.

2. Experimental Setup

For more resonant pump energy, a more compact and simple laser system with two
gain mediums was used in this experiment. Figure 1 shows a simple plane-concave cavity
configuration. A fiber-coupled diode laser at 795 nm was used as the pump laser. The
diameter of the fiber core was 400 um, and the numerical aperture (NA) was 0.22. The
maximum pump power of the fiber-coupled diode laser was 30 W. The pump light emitted
by the diode laser was linearly polarized, and the polarization direction was perpendic-
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ular to the cavity axis. To obtain a self-Q-switched laser, the diode laser pump spot was
collimated and focused in the Tm:YAP crystal by a 1:2 coupling lens group with a focal
length of 75 mm, and the distance between the crystal and the coupling lens group was
74 mm. Optimizing the pump spot on the gain media by slightly adjusting the position
of the coupling lens set was the best way to maximize the output power. The Tm:YAP
crystal and the Ho:LLF crystal were placed inside the cavity in sequence. The dimen-
sions of the b-cut Tm:YAP crystal with a 5% dopant concentration was 3 x 3 x 10 mm?,
and the a-cut Ho:LLF crystal had a dopant concentration of 0.5% with dimensions of
3 x 3 x 5mm?>. Two laser crystals were covered with indium foil and fitted on a water-
cooled copper holder. The temperature of the cooling water was maintained at 291 K.
The distance between the Tm:YAP crystal and the Ho:LLF crystal was 10 mm. Both end
faces of the Tm:YAP crystal were high-transmission (T > 99.5%) coated at 1.9-2.1 um and
795 nm. Regarding the Ho:LLF crystal, the dichromatic coatings on the both of its end
faces were high-transmitting in the 1900-2100 nm wavelength range. A compact linear
resonator was adopted between the input plane mirror and output concave mirror. The
total length of the cavity was about 155 mm. The dichroic input plane mirror (M1) coating
on both end faces was high-transmitting at 780-800 nm, but it was totally reflecting at
1.9-2.1 pm. A plane-concave mirror, which was partially reflective (T = 5%) at 1.9-2.1 pum,
was used as the output mirror (M2). The curvature radius of the output mirror (M2) was
200 mm. A broadband polarizing beam splitter (PBS) at 1.9-2.1 um (extinction ratio Tp:Ts
> 1000:1) was placed behind the output mirror (M2) to split the output laser into two
orthogonal polarizations.

& Fiber v é Laser Diode

Probe
2 Ay
Tm:YAP : Aﬂ -
~EEP -
TLF
— HOLL M2 PBS PYObe

Coupﬁng Lens
Figure 1. Experimental setup of the orthogonally polarized Ho:LLF laser.

The output power was measured with a Coherent FieldMaxlII laser power meter and
an InGaAs photodiode. The laser spectrum was monitored with a Zolix monochromator
(Omni-A 3015; the resolution of the spectrum was 0.1 nm). A 300 MHz bandwidth digital
oscilloscope (Tektronix TDS3032B) was applied to record the output pulse trains with a
>100 MHz bandwidth IR detector (Vigo PVM-10.6).

3. Experimental Results and Discussion

First, we only inserted the Tm:YAP crystal into the cavity to establish a self-Q-switched
Tm:YAP pulsed laser at 1.94 pm. The self-Q-switched Tm:YAP laser operated as the second
pump source to activate the Ho:LLF crystal to generate a 2 pm laser. Therefore, the Ho:LLF
laser operated in the gain-switched mode. Figure 2a depicts the output power of the
Tm:YAP pulse laser without the Ho:LLF crystal in the cavity as the pump power increased.
Figure 2b shows pulse trains of the Tm:YAP pulse laser at a pump power of 13.5 W.
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Figure 2. (a) Output power of the self-Q-switched Tm:YAP pulsed laser with respect to the incident
pump power and (b) pulse trains of the Tm:YAP laser at a pump power of 13.5 W.

The maximum output power of the Tm:YAP laser at 1944 nm was 2.10 W. The slope
efficiency was 17.77%. Note that the output power of the self-Q-switched Tm:YAP laser led
to a saturable effect after the pump power increased to 20 W, as shown in Figure 2a.
As the pump further increased above 20 W, the laser power suddenly dropped and
then the laser output terminated due to the possible laser damage of the Tm:YAP crys-
tal. This suggested that significant thermal effects occurred in the Tm:YAP crystal. The
pulse laser could steadily operate for several hours. After using a narrow-band filter at
1850-1950 nm to separate the Tm:YAP laser, we measured the repetition rate and pulse
width by directly collecting output signals with a digital oscilloscope. The maximum
Tm:YAP pulse energy and repetition rate were 28 uJ and 47 kHz, respectively, and the
minimum Tm:YAP pulse width was 2.5 us. Because the cavity mode at 1.94 um was larger
than the 795 nm pump region, the ground state reabsorption (GSRA) effect resulted in part
of the cavity mode exceeding the pump mode focused on the Tm:YAP crystal, which can
accordingly be considered a saturable absorber. This provided an additional loss for the
Tm:YAP laser’s oscillation. The GSRA effect occurring in the Tm:YAP crystal could modu-
late the laser’s oscillation dynamics, leading to a self-Q-switched pulse laser output [26].
The GSRA effect via Tm 3Hg — 3F, should be considered in the pumping process of lasers
at 795 nm [26]. By using such a self-Q-switched laser, the Ho:LLF crystal can obtain enough
intra-cavity energy to emit the laser. Figure 3 shows the energy level diagram of the Ho®*
3] excited manifold and the Ho* °I ground manifold of Ho:LLF. The main absorption
wavelength of the Ho:LLF crystal was centered around 1940 nm, which corresponded to
the emission wavelength of the Tm:YAP crystal. The large size of the Lu®* host ion in
Ho:LLF resulted in a larger crystal field and the crystal field splitting of the lanthanide
ion [13,14]. The emission wavelengths on the m-polarization and o-polarization in Ho:LLF
were 2052 nm and 2066 nm, respectively.

After inserting the Ho:LLF crystal into the cavity, the output performance of the intra-
cavity pumped Ho:LLF laser was investigated. To obtain 2 um orthogonal polarization
lasers, we set a small angle between the optical axis of the Ho:LLF laser crystal and the
axis of the cavity, which could induce the high natural birefringence of the a-cut Ho:LLF
crystal. To accurately measure the output profiles of the Ho:LLF laser, we used a narrow-
band filter at 2000-2100 nm wavelengths to eliminate the influence of the pump laser
and the Tm:YAP laser on the measurements. By using a polarizing beam splitter (PBS),
the two separated orthogonally polarized laser beams were obtained. We measured the
output power for individual polarization at the same time. We defined the m-polarization
and the o-polarization as the directions along the c-axis and a-axis of the Ho:LLF crystal,
respectively. In order to optimize laser output quality and reduce cavity leakage loss,
we compressed the length of the resonator as much as possible. Considering the actual
size of the crystal and heat sink in the experiment, as well as the necessity to leave some
space to rotate the Ho:LLF crystal at a small angle, the length of the resonator could be
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compressed to a minimum of about 155 mm. We conducted optimal output experiments
by using Ho:LLF crystals of different lengths (3 mm, 5 mm and 8 mm). Figure 4a shows
the variation of output power with pump power for the three different crystal lengths. As
shown in Figure 4a, the best result was obtained with the Ho:LLF crystal dimensions of
3 x 3 x 5mm?. The total output power and the output power for the individual polarization
directions were measured by increasing the pump power. While increasing the pump power
from zero to threshold power at P, g, = 13.5 W, the output power varied from zero to
26.7 mW. Figure 4b,c, respectively, shows the total output power and the output power for
the individual polarization directions of the Ho:LLF (crystal length of 5 mm) laser with
respect to the incident pump power. When pump power increased above the threshold,
the output laser was only m-polarized at 2052 nm, and the maximum output power was
299 mW when the pump power was 15.9 W. After increasing pump power from P g,
to Prmax = 15.9 W, the output power for n-polarization in the Ho:LLF laser decreased.
When the pump power increased from P y,, = 16.3 W to 18.8 W, the o-polarization laser
at 2066 nm began oscillating and the output power for o-polarization increased from zero
to maximum power Ps.max = 126 mW. By inserting two laser crystals into the cavity, the
laser of the Tm:YAP crystal could not only be used as a pump source to provide gain to the
Ho:LLF crystal but also control the losses of the orthogonal polarizations in the Ho:LLF
laser based on the excellent anisotropy of the Tm:YAP crystal. Therefore, the variation of
the output power of the two orthogonally polarized laser could be controlled by changing
the energy of the Tm:YAP laser. Because of the tiny angle between the optical axis of
Ho:LLF and the axis of the cavity, the Ho:LLF laser could emit two orthogonally polarized
lasers based on the high natural birefringence of the Ho:LLF crystal [7,25]. In addition, the
5I;—°I3 energy level transition resulted in 2052 and 2066 nm laser lines. These two laser
lines shared a common upper level. The gain competition between 2052 and 2066 nm is
not negligible, especially when the pumping power is further increased [23]. Figure 4c
shows that when increasing the pump power from P;_y,,, the output laser energy for the
m- and o-polarizations tended to enter the equilibrium zone. The output power of the
mi-polarization (2052 nm) was almost the same as the output power of the o-polarization
(2066 nm) when the pump power was 18.4 W.

S

Lasing

1940nm
2066nm
2052nm

Pumping

Figure 3. Energy levels in the Ho:LLF crystal [13,14].
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Figure 4. (a) The output power and pump power for different crystal lengths (3 mm, 5 mm, and
8 mm); (b) the total and (c) individual polarization direction output power in the Ho:LLF (crystal
length was 5 mm) laser as a function of the incident pump power.

The measured spectra for the n-polarization and the o-polarization of the Ho:LLF
laser are shown in Figure 5a. The central wavelengths were 2052 nm and 2066 nm for the
orthogonal 7- and o-polarizations, respectively. The variation of the emission wavelength
for the gain-switched Ho:LLF laser can be explained in the process of intra-cavity gain
variation by increasing the pump power, as shown in Figure 5b. With increases in the pump
power, the 2052 nm and 2066 nm spectral widths for the 7- and o-polarization emission
laser lines, respectively, began to increase due to decreases in the pulse width [27]. The
full width at half maximum (FWHM) of the 2052 nm and 2066 nm wavelengths for the
orthogonal polarizations were 3.2 nm and 2.6 nm, respectively, as shown in Figure 5a.
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Figure 5. (a) Optical spectra of the orthogonally polarized dual-wavelength Ho:LLF laser and
(b) emission wavelengths of the Ho:LLF laser with respect to pump power.

In addition, the linearly polarized pump induced the parallel polarization of the self-
Q-switched Tm:YAP laser. Then, the polarized Tm:YAP laser’s intra-cavity pumped the
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Ho:LLF crystal to produce a parallel n-polarization and a vertical o-polarization at dual
wavelengths of 2052 nm and 2066 nm. The larger stimulated emission cross-section of
the m-polarization (along the c-axis) compared with that of the o-polarization (along the
a-axis) [18] resulted in different oscillation thresholds at the two orthogonal polarizations
and different output energy levels at the dual wavelengths, as shown in Figure 4.

When the pump power was maintained 18.4 W, we rotated a linear polarizer to observe
the relation between the angle of polarization and the output power after splitting with the
PBS, as shown in Figure 6a. The output energy of the m-polarization and o-polarization
lasers was almost the same as when the pump power was 18.4 W. The angle difference
of the output power for the m-polarization and o-polarization directions was 90 degrees,
which means that the polarization direction was mutually orthogonal. The process of
energy changes within the laser system allowed the entire laser system to achieve the
co-existence of two orthogonally polarized lasers due to gain variation by controlling the
pump power.
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Figure 6. (a) The relationship between the angle of polarization and the output power; (b) polarization
angles of the orthogonally polarized laser as a function of the pump power.

The variation of the polarization directions in the Ho:LLF laser caused by increases in
the pump power is shown in Figure 6b. Because of the high natural birefringence of the
a-cut Ho:LLF crystal, the rotation of the polarization directions of the output power did not
occur when the pump power increased [22,23]. Figure 6b shows that the two polarization
directions remained mutually orthogonal at all times.

Furthermore, due to the gain-switch between the dual crystals placed into the cavity,
the output laser of the Ho:LLF crystal was a pulse laser. Figure 7a,b shows the pulse
trains and single pulse shape of the gain-switched Ho:LLF laser when the pump power was
19.2 W. The gain-switched Ho:LLF pulse laser at the 2 pm waveband was only obtained with
the self-Q-switched Tm:YAP laser. The intensity and period of the gain-switched Ho:LLF
laser were stable. The repetition rate and the pulse width of the gain-switched Ho:LLF
pulsed laser with respect to the pump power are shown in Figure 8a,b. When increasing the
pump power from 13.5 W to 19.2 W, the output pulse energy was insensitive and remained
nearly constant at 28 pJ. The repetition rate gradually increased to the maximum of 24 kHz
when the pump power increased to 19.2 W. The minimum pulse width was measured as
326 ns. This increasing tendency occurred because as the pump power increased, the rate of
the population inversion density on the upper-level Ho rapidly accumulated and the time
required for the population inversion density to reach the threshold was shortened. This led
to an increase in the pulse repetition rate and a parallel reduction in the pulse width [28,29].
Due to mechanical and thermal perturbation, the output pulse profile somewhat fluctuated.
In this experiment, we employed an air-bearing vibration isolation platform to suppress
the fluctuation of the output pulse profiles caused by mechanical vibration. This effectively
reduced the uncertainty in the measurements.
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Figure 7. (a) Pulse trains and (b) single pulse shape of the gain-switched Ho:LLF laser at a pump
power of 19.2 W.
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Figure 8. (a) Repetition rate and (b) temporal profile of the gain-switched Ho:LLF laser as a function
of pump power.

4. Conclusions

In conclusion, we experimentally demonstrated output parameters for 7- and o-
polarizations at two different wavelengths in a gain-switched Ho:LLF laser by using an
intra-cavity self-Q-switched Tm:YAP laser. The co-existence of the o-polarized laser at
2066 nm and the 7-polarized laser at 2052 nm was achieved by increasing the pump power.
The maximum output power for n-polarization (2052 nm) and o-polarization (2066 nm) was
299 mW and 126 mW at pump power values of 15.9 W and 18.8 W, respectively. The output
energy of the two orthogonally polarized states could reach a balanced region in which
the output power of the 7- and o-polarization lasers was almost the same when the pump
power increased from 18.0 W to 19.2 W. The balanced output energy of the orthogonally
polarized dual-wavelength laser could be widely used in differential absorption radars,
and the precise measurement of CO, and H,O in the atmosphere can be achieved via loss-
free switching between the dual-wavelength lasers. Regarding the scaling of the output
energies of the dual-wavelength laser pulses generated by the Ho:LLF laser, one can make
efforts to improve the thermal effects of the Tm:YAP crystal to enhance the intra-cavity
pumping power. After measuring the variation of the polarization angle and the increase
in pump power, it was found that the two polarization directions were stable and remained
orthogonal to each other at all times because of the high natural birefringence of the a-cut
Ho:LLF crystal. By using a PBS and other polarized components, we could achieve the
switching of the o-polarization at 2066 nm and the m-polarization at 2052 nm. Furthermore,
the minimum pulse width of the gain-switched Ho:LLF laser was about 326 ns, and the
maximum pulse energy was 28 pJ. The pulse repetition rate could be tuned from 11 kHz
to 24 kHz by adjusting the pump power. The orthogonally polarized dual-wavelength
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gain-switched Ho:LuLiF, laser has potential applications in the generation of terahertz
waves, as a light source of fiber lasers, and in differential absorption lidars.
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Abstract: Due to their excellent performance, superhydrophobic materials have received a lot of at-
tention and research in friction reduction and wear resistance. However, the effect of different contact
angles of superhydrophobicity on friction and wear properties has not been thoroughly studied. In
this paper, a nanosecond pulsed laser was used to realize the preparation of a superhydrophobic
nickel surface, which indeed reduced the coefficient of friction but also increased the wear volume
when compared to the unprocessed surface. As the contact angle of the superhydrophobic nickel
surface increased, the coefficient of friction gradually increased, and the wear volume decreased
gradually in superhydrophobic nickel surfaces. When the laser energy density was 1J/cm?, the
contact angle was 150.3° and the minimum friction coefficient was 0.4. However, when the laser
energy density was 50 J/cm?, the maximum contact angle was 156.4° and the minimum wear vol-
ume was 4.23 x 107 um3. The friction direction also influenced the tribological properties of the
superhydrophobic-textured surface. This method makes it possible to process superhydrophobic
surfaces with more suitable friction and wear properties.

Keywords: laser surface texturing; nickel; superhydrophobicity; tribology; contact angle

1. Introduction

Wettability is an important characteristic of solid surfaces, and the contact angle is
the most used parameter to characterize wettability [1]. The material is superhydrophobic
when the water droplet contact angle is greater than 150° and the water droplet sliding
angle is less than or equal to 10° [2]. Studies have shown that hydrophobicity can change
the properties of the material surface by changing the chemical composition of the material
surface and the geometry of the micro/nanostructure, making superhydrophobic materials
useful [3,4].

At present, methods for preparing superhydrophobic surfaces on metals include hy-
drothermal [5], chemical deposition [6], electrodeposition [7], etc. Compared with other
superhydrophobic surface fabrication methods, the operation process of laser surface tex-
turing is simple, non-toxic, non-polluting, and has high stability and diversity of processed
materials [8,9]. Many studies have discussed laser preparation of superhydrophobic metal
surfaces. Rajab [10] obtained a stable superhydrophobic surface on 316 L stainless steel
using laser surface texturing. Huang [11] fabricated a superhydrophobic surface on alu-
minum alloy using laser treatment coupled with a chemical functionalization method.
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Lu [12] illustrated that the laser-textured superhydrophobic surface enhanced the corrosion
resistance dramatically. Shimada [13] proposed a concept of direct laser processing of
two-scale periodic structures exhibiting superhydrophobicity, with the maximum apparent
contact angle of 161.4° and the contact angle hysteresis of 4.2° for a pitch of 80 um and
20 repetition shots. Huang [14] used an ultrafast femtosecond laser to prepare a superhy-
drophobic/superlipophilic lead bronze surface and found that the anisotropy of the surface
structure led to the anisotropy of the tribological properties.

Due to their excellent performance, superhydrophobic materials have good perfor-
mance in anti-friction [15], anti-corrosion [16], antibacterial [17], etc., and are widely used
in aerospace, petroleum engineering, and other fields. Among them, anti-friction and
anti-wear have received a lot of attention and research. Jiao [18] manufactured a superhy-
drophobic aluminum surface with great wear-resistance and decreased the friction force of
the sliding interface. Guo [19] carried out nanosecond laser processing to construct a grid
of microgrooves on an aluminum surface and reported whether it was under dry friction
or water lubrication conditions, with the obtained superhydrophobic samples resulting in
good anti-friction and wear-resistant ability. However, the influence of different contact
angles of superhydrophobicity on the friction and wear properties has not been thoroughly
studied. It is still unknown how large the contact angle of the metal surface can be prepared
to have the best tribological properties.

In this paper, the common nickel was used to prepare a nickel surface with super-
hydrophobic properties by using nanosecond laser processing technology. The effect of
laser energy density on wettability was studied, and the friction and wear properties of
superhydrophobic surfaces with different contact angles were compared and analyzed.
We also analyzed the effect of perpendicular and parallel friction directions on the tri-
bological behavior of superhydrophobic surfaces. This is very important for producing
superhydrophobic surfaces with specified tribo-testing directions, which is beneficial for
the development of superhydrophobic surfaces with the best contact angle.

2. Experimental Details
2.1. Sample Preparation

The pure nickel content in the nickel material was greater than 99.5%, which was
grinded by 800, 1000* and 1500 sandpaper successively to ensure that the roughness
of the sample was consistent and smooth before the experiment. And then they were
ultrasonic treated with acetone, anhydrous ethanol, and deionized water, respectively, for
5 min and dried with compressed air to remove the impurities on the surfaces. In addition,
the above ultrasonic cleaning process was still required after the laser surface texturing for
the samples, as shown in Figure 1. The wettability and tribology properties were measured
after the samples were exposed to the air for two weeks. In our previous experiments [20],
most of the samples achieved superhydrophobicity by exposing nickel to air for two weeks.
Of course, the longer the time, the better the superhydrophobicity may be. However,
this experiment did not focus on the effect of time on the superhydrophobic properties
of the surface, so the performance of the surface of the sample placed at other times was
not discussed.

2.2. Laser Surface Texturing

A nanosecond pulsed fiber laser (Sanda laser, YLP-SD20L, Wuhan, China) with
1064 nm center wavelength, 20 kHz repetition frequency, and 10 W maximum average
power was adopted in our experiment. The scanning galvanometer with a 110 mm focal
length controlled the movement of the laser in the plane, and the focused spot diameter
was less than 20 um. The laser processing was carried out in the air with a lateral stripe
scanning path. The energy density range could be set from 0 to 100 J/cm? with a scanning
interval of 0.5 mm and a scanning speed of 20 mm/s. The experimental principle is shown
in Figure 2.
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Figure 2. Experimental schematic.

2.3. The Measurement of the Wettability

The water contact angle of the surfaces was measured by the contact angle measuring
instrument (OCA20). The surface topography of the samples was observed by the scanning
electron microscope (SEM) and the ZYGONexView white light interferometer (WLI).

2.4. The Antifriction Performance

The SRV-4 friction and wear testing machine was used to analyze the antifriction
performance for the point of contact. The friction parts were SizN4 ceramics. The parameters
were load of 10 N, time of 20 min, stroke of 1000 mm, and frequency of 20 kHz under dry
friction conditions, and each test was repeated three times.

3. Results
3.1. Effect of Laser Energy Density on Contact Angle

According to various laser energy densities, the nickel surface was processed, and
the measured contact angle is shown in Figure 3. When the energy density was less than
1J/cm?, the contact angle increased almost linearly with the increase in energy density,
from 60.8° on the unprocessed surface to 144.7° at 0.5 ]/ cm?. At this time, the surface had
strong adhesion, the surface of the sample was turned over, and the water droplets would
not slip off. When the energy density was greater than 1]/cm?, the contact angle showed
a stable trend without an obvious increase, and all of them were greater than 150°. The
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sample was placed on a platform with an inclination angle of 10°, and the water droplets
fell off. Therefore, the samples all exhibited superhydrophobic properties.
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Figure 3. The variation in the water contact angle of the nickel surfaces with the laser energy density.

3.2. Analysis of Wettability Transition Reasons

The surface wettability of materials was mainly related to the surface roughness and
surface chemical composition, so the characterization and analysis were carried out for
these two aspects. In addition to the unprocessed surface, superhydrophobic samples with
laser energy densities of 1, 20, 50, and 100 J/ cm? were selected as examples and named U,
L1, L20, L50, and L100, respectively.

Figure 4a—e show the SEM two-dimensional topography of samples U, L1, L20, L50,
and L100. The two-dimensional diagram showed that the unprocessed surface was very
smooth, and the processed superhydrophobic surface formed a periodic stripe structure.
Due to the action of the laser, the material in the illuminated area was ablated and removed
and then re-solidified in the non-irradiated area. Protrusions were formed on the sample
surface due to the rapid temperature drop caused by the movement of the laser beam.
These protrusions were attached to a smaller cylindrical protrusion that was spherical and
disc-shaped, ranging from a few micrometers to ten micrometers. The striped-textured
surface presents a multi-scale micro-nano structure. The formation of these dimples and
protrusions increased the surface roughness of the samples [21].

Figure 4f—j show the LCM three-dimensional topography of samples U, L1, L20, L50,
and L100. The three-dimensional map and roughness results of the surface roughness after
laser processing was much higher than that of the unprocessed surface, and the surface
roughness gradually increased with the increase in energy density. According to the rough-
ness results, its relationship with the contact angle was analyzed. The roughness of the
superhydrophobic surface was greater than 3564 um. The surface roughness increased, and
the samples also maintain superhydrophobic properties. Therefore, the surface roughness
of the samples played an important role in the superhydrophobicity.

Next, the influence of the surface chemical composition on the contact angle was
analyzed. The EDS element content map of samples U, L1, L20, L50, and L100 is shown
in Figure 5. Since the C content was lower than 1%, the influence of C was ignored. It
was considered that the surface contains only O and Ni elements before and after laser
processing. The atomic content ratio of each sample is shown in Figure 6. With the increase
in the laser energy density, the atomic proportion of O on the surface gradually increased,
and the increase rate also gradually decreased, and the change rule was the same as that
of the roughness. The change law of the contact angle with the O atom ratio was also
similar. An increase in O content represents an increase in the content of metal oxides
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formed, and the chemical bonds of metal oxides are polar chemical bonds [22]. The higher
the content of polar chemical bonds, the higher the surface free energy, which is not
conducive to the acquisition of superhydrophobicity. Considering the surface chemical
composition, the increase in laser energy density was not conducive to the formation of
surface superhydrophobicity.

/' Sa=0.214 pm
. d

3 pm
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Figure 4. SEM two-dimensional topography and LCM three-dimensional topography of (a) U, (b) L1,
(c) L20, (d) L50, and (e) L100. LCM three-dimensional topography of (f) U, (g) L1, (h) L20, (i) L50,
and (j) L100.
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Figure 6. Atomic content ratio of U, L1, L20, L50, and L100.

The above analysis showed that the laser energy density would increase the roughness
and O content of the nickel surface at the same time. Under the combined action of the two,
the surface with a laser energy density greater than 1 J/cm? exhibited superhydrophobic
properties. As the energy density increased, the surface roughness increased, which
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was conducive to the formation of superhydrophobic surfaces. However, currently, the
proportion of O atoms was also increased, and the surface free energy was increased, which
was not conducive to the formation of a superhydrophobic surface [23]. Surface roughness
played a dominant role at this time, offsetting the adverse effects of surface free energy
so that the surface still exhibited superhydrophobic properties. The combined effect of
the two also led to the fact that the contact angle did not change monotonously with the
increase in surface roughness.

4. Discussion

Next, the effect of laser energy density on the friction and wear properties of super-
hydrophobic surfaces was analyzed. The superhydrophobic samples with laser energy
densities of 1, 20, 50, and 100 J/cm? were still selected for friction and wear experiments.
The measured coefficient of friction (COF) curve is shown in Figure 7a. The COF of the
superhydrophobic surface was reduced compared with 0.821 of sample U. The relationship
between the surface contact angle and the COF was analyzed, as shown in Figure 7b. As the
contact angle increased, the COF increased gradually. When the laser energy was 1]/cm?,
the contact angle was 150.3° and the minimum friction coefficient was 0.4.
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Figure 7. (a) Coefficient of friction (COF) curve. (b) Relationship between the surface contact angle
and the COFE.

The three-dimensional morphology of the wear scar on the surface after friction is
shown in Figure 8. The width of the wear scar on the superhydrophobic surface after
laser processing was larger than that of the unprocessed sample U, and the measured wear
volume of sample U was 1.25 x 107 um?3. The relationship between surface contact angle
and wear volume is shown in Figure 9. The wear volume of the superhydrophobic sample
surface was larger than that of sample U without processing. With the increase in the
contact angle, the wear volume presented a gradually decreasing trend. At 50 J/cm?, the
maximum contact angle was 156.4° and the minimum wear volume was 4.23 x 107 um?3.

The laser-fabricated superhydrophobic surface reduced the COF of nickel but also
increased the wear volume. The superhydrophobic property of the surface reduced the
adhesion of the surface of the friction pair and reduced the COF. Due to the thermal effect
of laser processing, the hardness of the surface micro-nano texture was greater than that of
the metal itself. High-hardness abrasive debris would participate in the subsequent friction
and wear process, and the resulting ditch effect would increase the wear volume [24].
However, as the contact angle increased, the removal effect of the laser on the material
surface increased, the removed surface area increased, and the contact area with the friction
piece decreased; therefore, the COF gradually increased [25]. At the same time, when
the contact angle increased, the surface roughness also increased. Currently, the surface
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micro-nano structure increased, and the surface captured the wear debris, which led to a
gradual decrease in the wear volume.

18 pm 40 pm

o
7 mm

Figure 8. Three-dimensional topography of U and superhydrophobic samples after friction (a) U,
(b) L1, (c) L20, (d) L50, and (e) L100.
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Figure 9. Abrasion volume of U and the superhydrophobic sample surface.

Due to the striped texture, we analyzed the tribological properties of the striped-
textured surface in different friction directions. Figure 8 shows that the friction directions
of samples L1 and L20 are perpendicular to the stripe texture direction, while the friction
directions of L50 and L100 are parallel. It can be seen from Figures 7b and 9 that when the
texture is perpendicular to the friction direction, as the contact angle increases, the COF and
wear volume increase gradually, but the increase is very small. When the texture is parallel
to the friction direction, as the contact angle increases, the COF increases, but the wear
volume decreases. The texture perpendicular to the friction direction was more conducive
to the preparation of parts that required a small COF and a large wear volume, such as
cheap parts that were easy to replace, and which would protect other high-precision and
expensive parts. The texture parallel to the friction direction was more conducive to the
preparation of situations that required a large COF and small wear volume, such as parts
that were not easy to replace or that were expensive.
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5. Conclusions

We used a nanosecond pulsed laser to realize the preparation of the superhydrophobic
nickel surface and we studied the friction and wear properties of the superhydrophobic
nickel surface with different contact angles under dry friction conditions. Compared to the
unprocessed surface, the laser-fabricated superhydrophobic surface reduced the friction
coefficient of nickel but also increased the wear volume. However, as the contact angle
increased, the COF of the superhydrophobic surface increased gradually and the wear
volume decreased gradually. The texture perpendicular to the friction direction is more
conducive to the preparation of parts requiring a small COF and large wear volume, while
the texture parallel to the friction direction is more conducive to the preparation of parts
requiring a large COF and small wear volume. This method provides a reference for
preparing superhydrophobic surfaces with more suitable friction and wear properties.
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Abstract: Multi-wavelength fiber lasers have attracted great attention due to their application value
in many fields. In this work, we demonstrated a seven-wavelength random Raman fiber laser in
the range of 1.1-1.6 pm. A piece of 1-km-long high Raman gain optical fiber is utilized as the gain
medium. The 1st-order to 7th-order Stokes waves are located, respectively, at 1133 nm, 1194 nm,
1260 nm, 1332 nm, 1414 nm, 1504 nm, and 1606 nm. In the 3-dB bandwidth of optical spectra of
1st-order and 2nd-order Stokes waves, four peaks with an average spacing of 1 nm and 20 peaks with
an average spacing of 0.45 nm respectively, are recorded. Pumped by a 1080 nm/12.5 W /220 ns laser,
the maximum output power can reach 4.16 W, corresponding to the optical-to-optical conversion
efficiency of ~30.7%.

Keywords: multi-wavelength fiber laser; Raman fiber laser; random fiber laser; fiber loop mirror

1. Introduction

Multi-wavelength fiber lasers have attracted extensive attention as a result of their
great application value in the fields of multi-species gas monitoring, photoacoustic spec-
troscopy, wavelength-division-multiplexing (WDM) systems, and fiber-optic sensing,
etc. [1-3]. The output characteristics of multi-wavelength fiber lasers rely on the las-
ing procedures and gain mediums used [4]. The gain mediums will affect working stability
and wavelength. The procedures reflect the formation mechanisms of multi-wavelength
operations. The types of procedures can be divided into passive elements and active nonlin-
ear processes. Fiber Bragg gratings (FBGs) [5,6], fiber loop mirrors [7], Fabry-Perot [8], and
Mach-Zehnder [9] interferometer filters are typical and commonly used passive elements. In
addition, the nonlinear processes mainly include Stimulated Brillouin scattering (SBS) [10],
Stimulated Raman scattering (SRS) [11], random distribution feedback (RDFB) [4], and
four-wave mixing (FWM) [12]. The stable operation of multi-wavelength lasers depends
on the cooperation of these nonlinear processes and key elements. Multimode, sampled,
and phase-shifted FBGs that can reflect multi-wavelengths can all be applied for multi-
wavelength operation. Zhang et al. [13] demonstrated a switchable multi-wavelength
thulium-doped fiber laser (TDFL) which can obtain ten-wavelength operation with high
stability based on a polarization-maintaining sampled FBG. Fabry-Perot interferometer can
generate multi-wavelengths when the cavity length and free spectral ranges satisfy the
least common multiple number [14]. Wang et al. [15] reported a multi-wavelength TDFL
using a Microfiber-optic Fabry-Perot interferometer with a free spectral range of ~26 nm as
the wavelength-selective filter. Sierra-Hernandez et al. [16] presented a multi-wavelength
erbium-doped fiber laser based on a Mach-Zehnder interferometer, which is constructed by
splicing photonic crystal fiber (PCF) between two segments of a single-mode fiber. Based on
the interference between modes, fiber loop mirrors can play the role of fiber filters with low
loss to generate multi-wavelength lasing oscillations [4]. Liu et al. [17] obtained 15 output
channels within 10-dB bandwidth from 1990 nm to 2007.5 nm by utilizing a fiber Sagnac
loop mirror based on polarization-maintaining fiber.
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Based on the abovementioned passive elements and active nonlinear processes, vari-
ous kinds of setups like semiconductor optical amplifiers [18,19], rare-earth-doped fiber
lasers [20], and Raman fiber lasers (RFLs) [21,22] have demonstrated that they are excellent
tools to obtain multi-wavelength operation. Especially, the advent of random Raman
fiber lasers (RRFLs) in 2010 [23] suggests the possibility that fiber can be used as a kind
of disorder medium to generate multi-wavelength operation under the action of RDFB
and Raman amplification via a long distance. RRFLs have greater attraction as they can
realize switching of various customized wavelengths by selecting appropriate Raman gain
medium, pump source, and other technical parameters. For example, using a homemade
tunable Yb-doped fiber laser (1075 & 25 nm) as the pump source, Balaswamy et al. [24]
demonstrated a tuning RRFL with a tuning range from 1450 to 1510 nm, based on a reel
of 350-m-length high Raman nonlinearity fiber (effective area 12 pm?) with special fil-
tering properties. Commonly used single-mode fibers are difficult to use for realizing
2 um RRFLs limited by the low Raman gain at 2 pym and increased propagation loss. So,
highly GeO,-doped silica fibers (higher Raman gain and lower optical loss at 2 um) with
different lengths are used to explore the performance at 2 pm band [25,26]. In addition,
Jin et al. [27] reported a 2.1 um random fiber laser with 150 m highly GeO,-doped sil-
ica fiber. Moreover, RRFLs have good environmental stability, as the weak RDFB from
Rayleigh scattering generates via a long piece of passive fiber. However, the previous
research mainly focused on the output of Stokes waves of a certain order based on cascaded
Raman shifts. Different techniques and structures are used to improve the purity of output
spectra by suppressing the starting vibration of other Stokes waves. Only a few reports
focus on the multi-wavelength simultaneous output. Kim et al. [22] reported a tunable
multi-wavelength all-fiber Raman source working from 1.12-1.58 um based on a tunable
intracavity high birefringence fiber Sagnac loop filter, but the intensity of each Stokes wave
varies greatly. Recently, Adamu et al. [1] built a gas-filled fiber Raman laser which can
span from 1.53-2.4 pm. However, the use of a part of 5-m-length hydrogen (H;)-filled
nested anti-resonant fiber, all-polarization maintaining master oscillator power amplifier
configuration, and the focusing coupling system makes it complicated and high cost.

In this study, we utilize a piece of 1-km-long Raman optical fiber with a high Raman
gain efficiency and low Raman threshold as the gain medium to realize a multi-wavelength
operation. This Raman optical fiber can provide enough gain at any wavelength from
1100 to 1700 nm. Based on the high Raman gain fiber, a half-open cavity RRFL is built.
Combined with a nanosecond pump laser working at 1080 nm, seven wavelengths of
1.1-1.6 um can output at the same time under the action of SRS. It should be noted that
there are four peaks recorded in the 3-dB bandwidth of the optical spectrum (3.57 nm) of
the 1st-order Stokes wave, and 20 peaks in the 3-dB bandwidth of the optical spectrum
(8.84 nm) of the 2nd-order Stokes wave.

2. Experimental Setup

In order to realize the possibility of multi-wavelength operation in a wide band of
optical spectrum, an RRFL with a half-open cavity structure shown in Figure 1 is built.
The Raman gain medium used in our work is a piece of 1-km-long Raman optical fiber
(from OFS company) with a high index core and a small effective area which are specially
designed to yield a high Raman gain efficiency. The core diameter is about 4 um and the
cladding diameter is about 125 pum. The peak Raman gain efficiency is 2.55 (W-km)~!. The
effective areas of 1450 nm and 1550 nm are 16.2 um? and 18.94 um?. Moreover, the threshold
of Raman shift of Raman optical fiber is lower compared with standard single-mode fiber
of the same length. The pump laser works at 1080 nm. The maximum pump power
and pulse width are 12.5 W and 220 ns. A pump combiner is utilized to inject the pump
laser into the random Raman cavity. A fiber loop mirror obtained by fusing two output
terminals of an output coupler with an output ratio of 50:50 is connected to the signal part
of the pump combiner and used as a total reflection mirror. Under the naturally present
random distributed feedback (RDFB) along the 1-km-long Raman optical fiber and the

29



Photonics 2023, 10, 164

broadband-reflective effect of the fiber loop mirror, Raman optical resonators are formed.
The output part is cut with an angle of 8 degrees to avoid unexpected backward reflection.
The eventual output wavelengths and corresponding output powers depend entirely on
the competition of different wavelengths. To ensure the stable operation of the laser, the
whole laser is placed on a water-cooled plate, and the set temperature of the water-cooled
plate is 20 °C. The output characteristics are recorded by an optical spectrum analyzer
(Anritsu, MS9710C, 0.6-1.75 pm), and an optical power meter (Ophir, Starlite-AC Rohs).

Pump laser

Raman optical
fiber/1 km

Fiber loop
mirror

Pump combiner
Figure 1. Structure of the multi-wavelength random Raman fiber laser.

3. Experimental Results and Discussion

Based on the setup shown in Figure 1, the multi-wavelength output is realized in our
work. Figure 2A exhibits the optical spectrum of the multi-wavelength RRFL. In addition to
the fundamental frequency light (pump laser) located at 1080 nm, seven spectral lines from
1st-order to 7th-order Stokes waves corresponding to 1133 nm, 1194 nm, 1260 nm, 1332 nm,
1414 nm, 1504 nm, and 1606 nm can be recorded. The seven Stokes waves can vibrate at
the same time since the Raman optical fiber has a low Raman threshold, and the initial
pump power (2.6 W) has reached the threshold of any order in the seven Stokes waves.
Moreover, the Raman optical fiber can provide relatively uniform Raman gain in the range
from 1.1 to 1.7 um, and the fiber loop mirror does not have the function of selecting specific
wavelengths like gratings. So, six Stokes waves can be covered in the intensity range of full
width at half maximum (FWHM) of the optical spectrum and have a rather uniform power
level. The relation between total output power and pump power is given in Figure 2. The
fitting cure has good linearity, and the slope of the fitting curve is ~30.2%. When the pump
power is 12.5 W, the output power can reach the maximum value, which is 4.16 W (the
residual pump power is about 0.32 W), corresponding to the optical-to-optical conversion
efficiency of ~30.7%. Additionally, the output power of different Stokes waves is analyzed,
and the experimental results are shown in Figure 3A. As the Raman optical fiber has a large
loss for a wavelength over 1.7 um, higher-order Stokes waves cannot be obtained at the
current pump power. The power cannot transfer to higher Stokes waves but only transfer
between the seven Stokes waves. Therefore, each Stokes wave will compete with the others,
which leads to the intensity ratio of different Stokes waves varying with the change of
pump power. On the whole, as the pump power increases, the higher-order Stokes light
gradually dominates. First, the fundamental frequency light dominates. Then, the 1st-order
Stokes wave begins to dominate, and finally the 6th-order Stokes dominates. The maximum
power of 1st-order to 7th-order Stokes waves are ~615 mW, ~418 mW, ~312 mW, ~412 mW,
~642 mW, ~823 mW, and ~613 mW calculated according to the output spectral intensity
ratio of different wavelengths.
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The optical spectra of each Stokes wave are tested and analyzed. The FWHM of the
optical spectrum increases with increases in Stokes waves’ order. As shown in Figure 3B,
the FWHM of the 7th-order Stokes wave can reach 31.9 nm, and that of the 1st-order Stokes
wave is only 3.57 nm. In particular, the multi-wavelength phenomenon is not only obtained
in a wide range from 1.1-1.6 um but also observed in the optical spectra of 1st-order and
2nd-order Stokes waves. And Figure 4A,B, respectively, exhibit their fine optical spectra
under a resolution of 0.05 nm. For the 1st-order Stokes wave, four wavelength peaks are
recorded in the 3-dB bandwidth of the optical spectrum, which is 3.57 nm, and the average
wavelength spacing is 1 nm. For the 2nd-order Stokes wave, there are 20 peaks in its
3-dB bandwidth of the optical spectrum, which is 8.84 nm, and the average wavelength
spacing decreases to 0.45 nm. However, this phenomenon is not observed in other Stokes
waves, which is mainly due to the spectral broadening of high-order Stokes waves making
these subtle modulations difficult to distinguish as the peaks with small spacing connected
together in the process of Raman frequency shift. As we know, the formation mechanism
of 1st-order to 7th-order Stokes waves is stimulated Raman scattering. However, the peaks
located on the 1st-order and 2nd-order Stokes waves are mainly caused by the filtering
effect of fiber loop mirror combined with the random distributed feedback from the 1-km-
long Raman optical fiber and FWM [28,29], which is different from the multi-wavelength
operation of the seven Stokes waves.
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4. Conclusions

In conclusion, a seven-wavelength random Raman fiber laser in the range of 1.1-1.6 pm
is realized in this work. The 1st-order to 7th-order Stokes waves are located at 1133 nm,
1194 nm, 1260 nm, 1332 nm, 1414 nm, 1504 nm, and 1606 nm, respectively, corresponding
to the maximum output power of ~615 mW, ~418 mW, ~312 mW, ~412 mW, ~642 mW,
~823 mW, and ~613 mW. In the 3 dB bandwidth of optical spectra of 1st-order and 2nd-order
Stokes waves, four peaks with an average spacing of 1 nm and 20 peaks with an average
spacing of 0.45 nm are recorded, respectively. This work is expected to be applied in
the fields of multi-species gas monitoring, WDM, and fiber sensors through subsequent
improvement and testing.
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Abstract: All-fiber, polarization maintaining, narrow-bandwidth, Yb-doped fiber lasers with ran-
domly distributed feedback operated near 976 nm were realized for the first time. It was shown
that the laser operated in a single, longitudinal mode regime during intervals of a few seconds. At
other times, the laser generated a few longitudinal modes, but its bandwidth was always below the
resolution of the optical spectrum analyzer (0.02 nm). The linewidth of each single longitudinal mode
of the laser was estimated to be below 20 kHz. The reasons for this observed laser behavior were dis-
cussed and methods for achieving stable, continuous wave operation in the single-longitudinal-mode
regime were proposed.

Keywords: fiber laser; random distributed feedback; ytterbium-doped fiber; fiber Bragg grating;
single-frequency laser

1. Introduction

Narrow-bandwidth, ytterbium-doped fiber lasers, emitting at a wavelength near
976 nm, are attracting increasing attention due to being promising for a number of ap-
plications. Thus, narrow-bandwidth emission at the given wavelength can be required
for the development of highly stable, single-frequency, ytterbium- or erbium-doped fiber
lasers [1]. A wider range of applications [2-4] opens up new perspectives by doubling
the radiation of such lasers (488—490 nm, blue-green radiation). In this case, the output
wavelength of the laser is the same as the emission wavelength of an Ar laser, which is
relatively inefficient, expensive, has a short lifetime, contains many bulk elements, and
requires alignment by highly qualified personnel. Therefore, the frequency doubling of
lasing at 976 nm can also be considered as an alternative to the argon laser [5-7]. Further
doubling of the lasing frequency makes it possible to obtain UV radiation in the wavelength
region of 244 nm [8], which is a promising source for recording fiber Bragg gratings (FBG)
and lithography [9,10]. It is worth noting that existing techniques for the doubling of the
frequency of a continuous wave (CW) signal require the use of narrow-bandwidth radiation
(this is the case of periodically polished crystals [5-7]), or even single-frequency radiation
(when doubling with the help of high-Q Fabry-Perot resonators) [8,11].

As a rule, single-frequency lasers are in high demand, the output power of which
is units and even tens of watts. In general, such laser systems are built according to the
MOPA (master oscillator power amplifier) principle. In this case, the manufacture of
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both a sufficiently narrow-bandwidth master laser and a highly efficient amplifier is a
great challenge. The main problem sin the implementation of an Yb-doped fiber amplifier
emitting at 976 nm are a sharp increase in amplified spontaneous emission (ASE) and the
appearance of competing generation in the spectral region, with a maximum at 1030 nm
with increasing pump power. To suppress radiation in the wavelength region above 1 um,
as a rule, at the stage of the implementation of the laser scheme, the length of the active
fiber is reduced, which, in turn, leads to a larger fraction of the unabsorbed pump power
and a relatively low total efficiency of converting the pump radiation into a signal. For
this reason, specially designed active fibers are used to achieve an acceptably high pump-
to-signal conversion efficiency. In particular, this goal can be achieved by introducing
excessive optical losses into the spectral region of 1030 nm [12,13], or by creating fibers
with an increased ratio of the area of the core to the cross-section area of the first reflective
cladding [14-18].

The key element of a single-frequency laser is the master oscillator, which determines
the main output characteristics (linewidth, reliability, and stability, etc.). As a master
laser, it is possible to use a conventional semiconductor distributed feedback (DFB) diode.
However, standard diodes have a linewidth of several MHz, and achieving a narrower
linewidth requires the use of rather complex and expensive designs of such lasers. A more
elegant solution is to create all-fiber, single-frequency lasers, due to their potentially higher
reliability and resistance to external electromagnetic influences. When using relatively
simple designs, such lasers can exhibit a narrower emission line by an order of magni-
tude [19]. Thus, relatively recently, the sub-kHz linewidth was demonstrated in a rather
simple and reliable design of a single-frequency fiber laser [20]. The main problem of
creating single-frequency fiber lasers is that, in their most common designs, namely lasers
with distributed Bragg reflection (DBR) and DFB fiber lasers, the length of the active fiber
is extremely short (~1 cm). This is due to the fact that the spectral distance between the
longitudinal modes of the resonator must exceed the width of the reflection spectrum of
the Bragg gratings. In most cases, this length of an active fiber is not enough to absorb a
significant fraction of the pump, and as a result, the efficiency of such lasers is quite low.
Only recent work has made it possible to improve the efficiency of such lasers by using
heavily doped fibers [21,22].

The problem of creating all-fiber single-frequency lasers in the spectral region near
976 nm is that single-mode diodes emitting at a wavelength of ~915 nm are used as a pump
source. The absorption of ytterbium at this wavelength is four times less than that at a
wavelength of 976 nm (which is used to pump ytterbium lasers in the region of 1030-1064
and for Er-Yb single-frequency lasers), which makes it much more difficult to overcome the
lasing threshold at a wavelength of 976 nm. At present, only the use of ytterbium-doped
phosphate glasses has made it possible to obtain single-frequency generation in all-fiber
lasers at a wavelength of 976 nm [23,24]. At the same time, the use of such fibers is by no
means always acceptable for practical purposes, due to the low thermal and mechanical
stability of phosphate glasses. To the best of our knowledge, single-frequency, all-fiber
lasers at a wavelength of 976 nm based on silica optical fibers have not yet been realized.

The key to solving this problem may be the creation of a laser with randomly dis-
tributed feedback [25-29]. In such lasers, feedback is provided by Rayleigh reflection from
an extended section of the fiber, or from an array of low-reflecting FBGs written along
the length of the fiber. In the latter case, lasers are capable of generating an extremely
narrow spectral line of <6 kHz in the CW mode [30,31]. The advantage of such lasers is
the possibility of using the active medium itself for recording gratings, which makes it
possible to significantly increase the length of the active fiber inside the resonator, thereby
dramatically increasing the efficiency of the laser.

The purpose of this work was to study the particularities of creating a polarized,
all-fiber laser with distributed random feedback at a wavelength of about 976 nm and to
study the properties of such lasers. In particular, a random-distributed feedback laser was
built using polarization maintaining elements to achieve a low-lasing threshold with only
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one polarization. A detailed study of the regime of laser generation and its dependence
on the laser cavity length was performed. The possibility of achieving a single-frequency,
single-polarization operation regime near 976 nm with a very narrow bandwidth (less than
20 kHz) for a relatively long time (few seconds) was demonstrated for the first time.

2. Materials and Methods

To develop a laser with random feedback, we used the laser design implemented in
our previous work [32]. The main difference of the current work was that the circuit was
implemented using polarization-maintaining optical fibers, which is necessary to achieving
a single-polarization regime. For these purposes, we used the same initial preform of an
ytterbium-doped fiber as in [32]. The preform was made using the modified chemical vapor
deposition technique and its core was made of phosphogermanosilicate glass, which has
a high photosensitivity. The concentration of ytterbium oxide corresponded to the core
absorption at a level of 4 dB/m @ 915 nm. The fiber was made in the standard “PANDA”
configuration—two holes were drilled into the silica preform symmetrically with respect
to the core, and before drawing the fiber, two borosilicate rods were inserted into these
holes. The presence of boron stress rods in the cladding created birefringence in the fiber
core, which, in turn, resulted in the appearance ability of the fiber to maintain polarization.
Similar to [32], weakly reflecting FBGs were recorded in the fiber directly during drawing
by the use of a UV excimer laser. The estimated size of each of the recorded gratings was
about 1 cm (corresponding to the width of the phase mask used to record the gratings).
The distance between the recorded gratings was also about 1 cm (that is, the gratings were
recorded practically without gaps between them). The estimated reflection coefficient
of a single grating was about 0.05%. Due to the presence of birefringence, the reflection
wavelengths of the gratings for the fast and slow axes differed and amounted to 976.25 nm
and 976.5 nm, respectively (see Figure 1).

-- FBG (fast axis)

-60 F = +FBG (slow axis)
Yb-doped fiber (fast axis)
l— Yb-doped fiber (slow axis

Signal (dBm)

-80 ‘ — L T T t T »
975.6 975.8 976.0 976.2 976.4 976.6

Wavelength (nm)

Figure 1. Reflected signal from the FBGs written in the Yb-doped fiber and from separate FBG written
in polarization-maintaining fiber. Measurements were made with polarized wideband source to
separately characterize fast and slow polarization in both cases. The bold lines correspond to those
FBGs, which form the resonator in the realized laser operated at 976.2 nm.

The scheme of the realized laser with random feedback is depicted in Figure 2. The
polarization-maintaining, ytterbium-doped fiber with a written array of FBGs (YDF-FBG-
PM) was pumped by a semiconductor laser diode (pump diode), with a wavelength of
910 nm and an average power of about 200 mW, through a wavelength division multiplexor
(WDM), separating the wavelengths of 910 nm and 976 nm. The 976 nm WDM port was
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used as the laser output and was spliced to an Isolator, which allowed only one of the
polarizations to pass through.

Master-oscillator

Figure 2. Schematic of a fiber laser with random feedback and a weak-signal amplifier.

A highly reflective FBG written in the polarization-maintaining fiber was spliced
to the free end of the ytterbium fiber. The wavelengths corresponding to the reflection
maximum of this FBG also differed for “fast” and “slow” polarizations (see Figure 1) and
amounted to 975.9-976.2 nm and 976.2-976.4 nm, respectively. During the splicing, the
“fast” axis of the YDF-FBG-PM was aligned with the “slow” axis of the YDF-FBG-PM. As
a consequence, this made it possible to implement a high-quality resonator for the “fast”
polarization of the YDF-FBG-PM—the Bragg grating for this polarization provided high
reflection at wavelengths of 976.2-976.4 nm, and the array of Bragg gratings recorded in the
YDEF-FBG-PM provided random feedback at wavelengths near 976.25 nm. On the contrary,
the “slow” polarization of the YDF-FBG-PM (with maximum reflection at 976.5 nm) was
aligned to the fast polarization of the FBG (with reflection at 975.9-976.2 nm). Due to
mismatch of the reflection spectrum, the quality factor of the resonator for this polarization
was low, and lasing in this polarization was suppressed. As a result, conditions were
created that ensured the generation of radiation in only one polarization—without the
above-mentioned efforts, lasing could occur in both polarizations [33].

During the first experiment, only the master oscillator (shown in Figure 2 by a dashed
rectangle) was characterized. In this case, all the free fiber ends were cleaved at an angle of
about 7 degrees in order to avoid unwanted Fresnel back reflections from the corresponding
ends. In the second experiment after the isolator, a weak-signal amplifier similar to that
developed in [17] was placed.

3. Results

First, we studied the effect of the length of the ytterbium-doped fiber with a recorded
array of Bragg gratings (YDF-FBG-PM) on the output characteristics of the developed laser.
For this purpose, a 3 m long YDF-FBG-PM was gradually shortened, and for each length
of the YDF-FBG-PM, the output signal spectra, oscillograms, polarization extinction ratio
(PER), power, and stability for several minutes were measured. To measure the PER of the
laser, two measurements of the laser radiation power at the output of the isolator were
carried out—one when the slow axis of the isolator was aligned with the “fast” polarization
of the YDF-FBG-PM at the output of the WDM, and the second when it was aligned with
the “slow” polarization. As the fast axis of the isolator was blocked, it acted as a polarizer.
This made it possible to determine the signal power propagating in the “fast” and “slow”
polarization, respectively, and to determine the PER.
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Intensity (dBm)

-60

The main results measured with different lengths of the YDF-FBG-PM fiber are shown
in Figure 3. It can be seen that the maximum output power increased with an increase
in the length of the YDF-FBG-PM, which was associated with an increase in the fraction
of the absorbed pump in this fiber. At the same time, with an increase in the length of
the YDF-FBG-PM over 1 m, the PER deteriorated significantly. We suggest that this was
due to the fact that the intrinsic reflectivity of the array of Bragg gratings recorded in
the YDF-FBG-PM became sufficient for achieving efficient generation in the unwanted
polarization. This assumption was partly confirmed by the measurement of the output
radiation spectrum—in the long-wavelength region (976.5 nm), an additional peak began
to appear, approximately coinciding with the reflection peak of the array of Bragg gratings
for unwanted polarization (see Figure 4a). Moreover, the output spectra became unstable
and varied with time—in Figure 4a, three spectra measured with time intervals of a few
seconds are shown (signal #1, signal #2, and signal #3). It is also necessary to note that an
increase in the ASE in the wavelength region of 976 nm was observed at the maximum
length of the active fiber (3 m). Reducing the length of the ytterbium-doped fiber to 0.7 m
led to a sharp drop in the output power to a level of less than 1 mW and an increase in
the instability of the output radiation by an order of magnitude (variations in the output
power over 10 min increased from 2% to 25%). Changes in the lasing wavelength within
0.1 nm were also observed with time. Apparently, with such a length of the active fiber, the
available pump power was not enough to ensure stable laser generation.
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Figure 3. Dependence of the output power of the signal (Ps) at 976.2 nm, the ASE level in the

wavelength region of 976 nm (P ssg(976)) and at the wavelength of 1030 nm (Psg(1030)), and the PER
value against the length of the ytterbium-doped fiber with the recorded array of Bragg gratings.
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Figure 4. Spectra of output signal for the Yb-doped fiber length of 3 m (a) and for the fiber length of
0.9 m (b) measured with optical spectrum analyzer ANDO AQ6317B.
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As a result, the optimal length of the fiber was found to be in the range of 0.9-1 m—in
this case, an acceptable high output power (about 4 mW) and maximum PER level were
obtained. Also in this case, the most stable lasing spectrum was observed (see Figure 4b)—
within the measurement error of the spectrum analyzer ANDO AQ6317B, the position of
the line did not change, and the measured linewidth was 0.02 nm (by 3 dB level), which
corresponded to the maximum resolution of the spectrum analyzer at the given wavelength.

In the framework of this research, we did not have the technical ability to directly
measure the linewidth of the resulting laser with random feedback. However, an analysis
of the oscillograms of radiation at the output of the laser was quite informative. Indeed, if
we imagine the developed laser as a laser with a Fabry—Perot resonator, where one of the
mirrors is a highly reflective Bragg grating, and the second is an array of weakly reflecting
gratings (in the first approximation, they can be represented as one grating with a complex
reflection spectrum located in the middle of the active fiber), then the spectral distance
between the modes of this resonator can be estimated in orders of magnitude. Equations
for the intrinsic frequency of the so-called longitudinal mode (v,):

c c C

PR e S Rl e o (M)

vy =
where c—the light speed velocity, n—the effective refractive index of the fundamental mode
in the YDF-FBG-PM, A—the wavelength of the longitudinal mode with index q, L—the
resonator length, and Av,—the frequency difference between two neighboring longitudinal
modes. In accordance with Equation (1), the distance between the modes can be estimated
as 200 MHz for a resonator with an active fiber segment of 0.9 m (the L was taken to be
~0.45 m). The above analysis of the properties of the created resonator was based on a
very rough simplification. An exact calculation of the eigenmodes of the created resonator
is rather complicated, as it requires the consideration of the interference between all the
FBGs (~100 items), which form the laser resonator. Nevertheless, as will be seen below, this
approach made it possible to estimate, with an acceptable accuracy, the distance between
the resonator eigenmodes.

The gain band of the active medium in our case had a width that was orders of magni-
tude greater than the distance between the longitudinal modes. However, the reflection
spectrum of an array of Bragg gratings due to internal interference should have narrow
reflection maxima randomly located along the spectrum that differ in intensity. Exactly
within these narrow lines, lasing will develop, provided that the resonator mode falls
within these maxima. At the same time, it seems very likely that there will be several modes
within the maximum reflection limit of the array of Bragg gratings, which will lead to the
generation of several modes. In this case, it will be possible to observe interference between
the generated modes—sinusoidal modulations of the output power at half of the frequency
spacing between the modes (~100 MHz, 200 MHz, 200 MHz, and so on) will appear on
the oscillogram. Given the estimated distance between the modes, the presence of output
power modulation when generating several modes can be observed using an oscilloscope
with a bandwidth greater than the frequency difference between the modes. We used a
Tektronix TDS 3054C oscilloscope with a bandwidth of 500 MHz, which made it possible to
carry out these measurements.

The results of measuring the oscillograms in the developed laser with an active fiber
length of 0.9 m are shown in Figure 5. It was found that the fabricated laser’s significant
time (about few seconds) operated in a quasi-continuous mode—(Regime 1). Periodically,
this regime was switched to Regime 2 when modulation was observed with a frequency
of ~100 MHz, corresponding to the beat between neighboring longitudinal modes of the
resonator and even higher (~180 MHz and 280 MHz, etc.).
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Figure 5. Signals obtained by means of an oscilloscope with the YDF-FBG-PM length of 0.9 m. Curves
with different colors for Regime 2 was measured at different times to show different forms of signal,
observed in the Regime 2.

The presence of a single longitudinal mode operation regime was also confirmed
by the analysis of the output signal using a real-time radio frequency spectrum analyzer
(KEYSIGHT EXA Signal Analyzer) with an operating broadband frequency range from
10 Hz to 3.6 GHz. Indeed, in Regime 1, there was no beating between the modes (see
Figure 6a). On the contrary, very different radiofrequency spectra were observed in
Regime 2—from time to time, oscillation at different frequencies appeared (see Figure 6b).
In all cases, the smallest oscillation frequency was near 100 MHz (corresponding to the
interference between two neighboring longitudinal modes), the next oscillation was ob-
served at ~190 MHz (double minimum distance between longitudinal modes), and so on
(~290 MHz, 300 MHz, 380 MHz, 450 MHz, 550 MHz, and 630 MHz). The exact position of
each line changed over time—for example, the position of the first oscillation ranged from
98 MHz to 104 MHz. An example of such variation in a smaller spectral region is shown in
Figure 6¢. Such variations are a feature of lasers with random distributed feedback—the
minimum distance between the longitudinal modes in such lasers is not fixed, as there is no
fixed distance between the reflectors that form the laser resonator (one of the reflectors, the
FBG array, is extended along the resonator). At the same time, the width of each oscillation
line was extremely small—it could be seen that it was below 19 kHz (see Figure 6d). As the
width of the oscillation was defined by the spectral width of each interfering longitudinal
mode, we could conclude that the width of each longitudinal mode generated in our laser
was below 19 kHz.

For comparison, Figure 7 shows the oscillograms of the laser with a 3 m long ytterbium-
doped fiber. It can be seen that, in this case, there were no time intervals where continuous
generation was observed, and the picture is noise-like, with a large number of beats at
different frequencies, which indicates the generation of a large number of modes.
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Output power (W)

Finally, to amplify the signal, a single-stage, all-fiber, single-mode amplifier was
assembled, similar to that developed in [17]. The scheme of the amplifier is shown in the
inset to Figure 3, and consisted of a multi-mode pump and single-mode signal combiner
(PC), multi-mode pump diode at 915 nm, YDF-DC-13/80-PM fiber available from FORC-
Photonics, similar to the one developed in [17], and cladding pump striper (CPS) based
on a single-mode, polarization-maintaining fiber with a core diameter of 10 pm. In the
assembled amplifier, the dependence of the output power of the amplified signal on the
pump power, as well as the amplified spontaneous emissions (ASE) in the wavelength
regions of 976 nm and 1030 nm, was studied; the results are shown in Figure 8. An output
signal power of more than 1 W was obtained, and the resulting amplification efficiency
was 5.1% (it was below 1, reported in [17], due to a non-optimal signal wavelength and
additional splice loss at the output of the Yb-doped fiber). It should be noted, however,
that, at the maximum power, a significant level of enhanced spontaneous luminescence
appeared in the spectral region near 976 nm. For this reason, the output power at the output
of the first stage should be limited to 500 mW, and to achieve higher power, an additional
amplification stage with a spectral filter at the input should be used—the received signal
power at the output of the first stage should be sufficient for the efficient operation of a
power amplifier based on special designs of ytterbium-doped fibers [12,14]. In addition, it
should be noted that, to maintain the oscillation regimes described above, it was necessary
to use a double-stage isolator between the master oscillator and amplifier. Otherwise, no
long, single-longitudinal-mode operation regime (Regime 1) was observed—possibly due
to the interference of the ASE from the amplifier and a weak signal reflected from the
YDF-FBG-PM.
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Figure 8. (a) Plot of the pump power (Ppump) versus the power of amplified signal (Ps), power of
ASE near 976 (P asg(976)), and power of ASE near 1030 (P asg(1030)) at the output of the amplifier (the
dashed line is the result of a linear approximation of power efficiency); and (b) spectrum of the output
signal for different level of pump power (Ppump)-

4. Discussion

It should be noted that, in general, the observed regimes of the operation of the
implemented laser with random distributed feedback were quite expected. Indeed, since
the distance between the FBGs recorded in the ytterbium fiber could vary with temperature
and tension, the fine structure of the reflection spectrum of the Bragg grating array could
change over time due to temperature and mechanical fluctuations. As a consequence, the
laser could switch the generation between different modes of the resonator, and, in between,
the simultaneous generation of several modes. Apparently, this behavior is a feature of
lasers with random feedback, since it is impossible to completely eliminate the effect of
thermal fluctuations on a 0.9 m long fiber segment. The distance between the modes (about
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200 MHz) led to the fact that switching occurred even with small changes in the external
conditions. At the same time, it should be noted that, even in the absence of special efforts
to thermally stabilize the laser (as was the case in our study), quite long time intervals
of up to 10 s were observed when the laser operated presumably in the single-frequency
mode. It also needs to be emphasized that the optical spectrum remained extremely narrow
throughout the entire laser operation time—its position changed and the spectral width
was below the resolution of the spectrum analyzer (0.02 nm) all the time, which makes the
developed laser promising for most applications, as indicated in the introduction to this
article. We expect that an improvement in the thermal stabilization of the developed laser
could allow for a significantly longer (or even continuous wave) operation of the laser in
the single-frequency regime.

Further optimization of the scheme is possible by increasing the Yb concentration
in the core of the YDF-FBG-PM fiber. It would allow one to increase the pump-to-signal
conversion efficiency of the designed laser and allow an increase in the output power for
the fixed pump power. Alternatively, it would also make it possible to shorten the cavity
length, increase the spacing between the longitudinal modes, and, in this way, increase the
stability of the laser (would increase the time of the single-frequency laser operation, even
without precise thermal stabilization).

It is also interesting to note that lasers with a long cavity, which generate random
laser radiation, could also be interesting in some applications [26]. Moreover, lasers with a
longer cavity could operate with a much higher efficiency.

5. Conclusions

With the optimal resonator configuration, stable generation was obtained at a wave-
length of 976.2 nm with a spectral linewidth less than the resolution of the spectrum
analyzer (0.02 nm), an output power of about 4 mW, and a polarization extinction ratio
of more than 18 dB. An analysis of the time dependence of the output signal using a
high-speed oscilloscope showed that, in the developed laser, it was possible to sufficiently
realize long-time intervals (up to 10 s), during which, the laser supposedly operated in
a single-frequency mode. The study of the dependence of the output power on the time
using a fast oscilloscope made it possible to establish the operating mode of the laser—the
generation of presumably single-frequency radiation and the switching of the generation
between modes over the time intervals of the order of seconds. We believe that an im-
provement in the thermal stabilization of such a laser could provide continuous the wave
generation of single-frequency radiation in the future.
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Abstract: The development of high-power laser sources at 2.3 um is highly demanded for remote
sensing and other applications. However, this wavelength is poorly covered by present-day lasers.
To obtain 100 W class high-power radiation at 2.3 um, we propose to use simultaneously cascade laser
amplification at 2 and 2.3 um with a commercially available diode pump at 793 nm and stimulated
Raman scattering between the amplified signal waves in a special zinc—tellurite multicore fiber with
ten trivalent-thulium-ion-doped cores arranged in a ring. We demonstrate numerically that the use
of an out-of-phase supermode (with spatial phases differing by 7 in neighboring cores) can provide
up to 50% efficiency conversion from the 793 nm pump to the 2.3 pm wave.

Keywords: multicore fiber; tellurite glass fiber; stimulated Raman scattering (SRS); Raman gain;
trivalent thulium ions; laser amplification

1. Introduction

In recent years, the development of coherent light sources at a wavelength of about
2.3-2.5 um has been attracting increasing interest [1-7]. One of the main reasons is that
the earth’s atmosphere is highly transparent in this spectral region. Hazardous gases such
as HF, CHy, and CO have pronounced absorption lines near 2.3 pm, which opens up an
opportunity for using 2.3 pm lasers for remote sensing. In addition, laser sources at this
wavelength are in demand for LiDARs and other applications. Many real applications
require high power (tens of watts and even higher), which is a challenge for modern laser
systems, but works in this direction are actively underway based on solid-state lasers [1-3]
and fiber lasers and amplifiers [4-7]. Bulk lasers can provide higher output powers on
average, but fiber lasers are generally characterized by high beam quality, alignment-free
operation, and good heat dissipation. In addition, some fiber laser systems are capable of
producing high average power too (~100 W and higher).

A very promising way to develop laser sources operating beyond 2.1 um is based
on using tellurite (tellurium dioxide-based) glass fibers [8]. Silica glasses commonly used
for near-IR fiber devices have large losses beyond 2.1 um, so their use is very limited
at longer wavelengths (although not excluded [9]). Tellurite glasses are transparent in
the range of ~0.5-5 um, have excellent optical and physicochemical properties [8,10-13]
and fairly high damage thresholds (i.e., they can resist high peak intensities [14]), can be
doped with high concentrations of active ions [15], and are produced with low background
losses [8]. Lasers at 2.3 um based on tellurite fibers doped with trivalent thulium ions
have been successfully demonstrated [5-7], but their experimental powers still do not
exceed several hundred mW [7]. Another promising approach to generate light at 2.3 um
is to use stimulated Raman scattering (SRS) in undoped tellurite fibers pumped at 2 pm.
This approach was theoretically explored in [16], where a continuous wave (CW) Raman
laser with a power of ~160 W at a wavelength of 2.35 um based on a single-mode fiber with
a pump power of 300 W at 2 um was demonstrated numerically. However, single-mode
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fiber lasers at 2 um with a power of 300 W are non-standard and rather complex devices,
manufactured only in individual scientific laboratories. In addition, it remains an open
question whether a single-mode tellurite fiber can resist such CW powers.

In this work, for obtaining high-power radiation at 2.3 um in a Tm-doped tellurite
multicore fiber amplifier, we propose to simultaneously use a unique combination of
cascade lasing at two radiative transitions together with SRS processes. This is inherent
specifically for zinc—tellurite (TZ, TeO,-ZnO-based) glasses doped with trivalent thulium
ions, which, in principle, makes it possible to obtain the efficiency of conversion of the
pump at 793 nm to a signal at 2.3 pm above the Stokes limit (0.793 pm/2.3 um = 34.5%).
A simplified diagram of laser levels of trivalent thulium in a TZ glass matrix is shown in
Figure 1a [15]. Previously, it was shown that the cascade scheme of dual-band operation at
the 3Hy — 3Hs and 3F; — 3Hj transitions with a pump wave at 793 nm can significantly
increase the efficiency for a wave at 2.3 um compared to operation only at the 3Hy — 3Hs
transition, since it helps to overcome the bottleneck problem related to a long lifetime of
3F4 [5]. It is also known that Raman gain is very large for TZ glasses, with the maximum at
about 750 cm™! (22.5 THz), which is ~60 times higher than the maximum for silica glass [15].
Therefore, additional amplification of a signal at 2.3 um due to the SRS of the wave at
~2 pm is also possible. The scheme of the SRS process is shown in Figure 1b. In this case,
for the Raman amplification at 2.3 pm, the wavelength of 1.96 pm displaced by 22.5 THz is
most suitable. The Raman gain of the TZ glass in comparison with the Raman gain of the
silica glass is plotted in Figure 1c based on the data presented in [17]. Note that in [5], the
parameters of the system were such that the SRS processes for them were negligible.
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Figure 1. (a) Simplified diagram of the energy levels of trivalent thulium ions in the TZ glass matrix.
Wiy are stimulated rates from level j to level k, and 7 is the total lifetime of level j. (b) Schematic
diagram of the SRS process. (c) Raman gain spectra of TZ glass (red) compared to silica glass (black;

magnification by a factor of 10).

The concept of a master-oscillator power amplifier (MOPA) considered in this paper is
often used for high-power laser systems [18,19]. At the same time, special fiber designs, e.g.,
multimode large mode area (LMA) fibers operating in quasi-single mode, are frequently
developed for high-power amplifiers [18,20,21].

It is also possible to use taper fibers with a thin single-mode core at the input and a
thick core at the out-put [22,23]. With adiabatic signal amplification, the output beam quality
can be very high, while the scattering into higher modes is rather small. One can also use
multicore fibers with N cores when each core is a single-mode one [24-26]. In the case of
evanescent-field coupling, there are N supermodes in the system [25,27]. It was demon-
strated that the use of an out-of-phase supermode of a multicore fiber with a symmetrical
arrangement of axially symmetric cores, for which the spatial phases in neighboring cores
differ by 7, has a number of advantages over a “common” in-phase supermode, for which the
phases are the same in all cores [28-31]. This issue was dis-cussed in detail in [28-31], here we
only note that the in-phase mode is unstable at high powers, while the out-of-phase mode is
stable. Moreover, it has been predicted theoretically that the self-focusing limit for the beam
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power (for continuous medium) can be overcome using the out-of-phase mode, while this is
impossible for the in-phase mode due to its instability [28,29]. As shown experimentally and
numerically, with selective excitation of the out-of-phase supermode during amplification,
the mode composition at the output does not deteriorate [30]. Moreover, the out-of-phase
mode overlaps better with the doped core, so it has a higher gain (this statement will be
demonstrated below). Multicore fibers can be fabricated from various glasses, including
tellurite ones. A rare-earth ion-doped multicore fiber was experimentally reported in [32],
and a passive seven-core tellurite fiber was demonstrated, for example, in [33]. Although the
manufacture of high-quality multicore tellurite fibers is still a challenge today, in principle,
technologies can be improved to the required level.

Here, we propose and numerically investigate high-power amplifiers at a wavelength
of 2.3 um based on a special double-clad TZ fiber with N = 10 step-index cores doped
with trivalent thulium ions symmetrically arranged along the ring. A multicore fiber
geometry leads to a decrease in peak intensities of laser beams relative to a single-mode
fiber geometry and helps to prevent potential fiber damage for high-power laser amplifiers.
It will be demonstrated that the use of the out-of-phase supermode is more efficient than
the in-phase supermode. We propose to use a low-power seed signal at 2.3 pm and an
additional low-power seed signal at ~2 um with a standard 300 W diode pump at 793 nm.
Two seeding low-power waves at 2.3 um and 1.96 um (with a power of about 1 mW) can be
generated simultaneously in laser elements based on various matrices doped with trivalent
thulium ions [5-7]. Note that at present, relatively cheap commercially available laser
diodes provide powers up to several hundred watts at a wavelength of 793 nm. In this case,
the efficiency of converting the pump power to a wave at 2.3 um, as will be shown below,
can reach 50% due to the combination of laser and SRS processes. The scheme of a cascade
laser amplifier, with one wave used for additional amplification of another due to SRS, has
not been studied before to the best of our knowledge.

2. Materials and Methods

We considered a special design of a double-clad TZ glass multicore fiber shown in
Figure 2a. Ten step-index cores doped with trivalent thulium ions are arranged in a ring.
The diameter of each core is d = 7 pm, and the distance between the centers of neighboring
coresis L =1.2 x d = 8.4 um. The refractive index of the first undoped cladding is chosen
to be 0.1 less than the refractive index of the core glass (Figure 2b), which can be achieved
by a slight change in the content of zinc oxide in TZ glass compositions [5]. The parameters
of each core are chosen so that it is single mode at signal wavelengths. A diode pump at
793 nm is launched into the first undoped cladding, which has a diameter of D =200 pum.
This diameter D coincides with the typical diameter of the fiber core, which outputs a diode
pump with a power of hundreds of watts. In this case, the numerical aperture between
undoped cladding and cladding 2 of the TZ multicore fiber should correspond to the
numerical aperture of the fiber that outputs the pump (typically NA = 0.22). The multicore
fiber also has the second cladding (its diameter is not important in the calculations).

We found supermode structures for the special multicore TZ fiber using finite element
modeling, as in our previous work [34]. Figure 3 shows examples of all ten supermodes
calculated at a wavelength of 1.96 um. Mode 1 (in-phase supermode) has the highest
effective refractive index, and mode 10 (out-of-phase supermode) has the lowest effective
refractive index. The pair of modes 2 and 3 is degenerate in the effective refractive index.
The pairs of modes 4, 5 as well as 6, 7, and 8, 9 are also degenerate. The in-phase and out-of-
phase supermodes have the most symmetrical structures. For them, | Ey | distributions are
the same for each core. For other modes, | E, | distributions are not the same in different
cores; moreover, in some cores, the fields are close to zero or small. Therefore, for modes
2-9, the gain coefficients provided by trivalent thulium ions are obviously lower due
to the smaller overlap with the doped region than for modes 1 and 10. Moreover, the
preparation of seed signals for amplifiers in modes 2-9 is more difficult than in modes
1 and 10. In-phase and out-of-phase supermodes can be prepared using, for example, a
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special beam shaper (systems based on spatial light modulators are commonly used for
such purposes) [30,35]. Further, we consider only in-phase and out-of-phase modes.
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Figure 2. (a) Cross section of the proposed multicore TZ glass fiber with trivalent thulium-doped
cores. (b) Wavelength-dependent refractive indexes for core and cladding TZ glasses.
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Figure 3. Calculated distributions of x-components of electric fields for supermodes at 1.96 pum.
The lowest supermode (mode 1) is in-phase one. The highest supermode (mode 10) is out-of-

E,, arb.u.

phase one.

We calculated effective mode areas for in-phase and out-of-phase supermodes as
functions of wavelength. The results are plotted in Figure 4. The mode spatial structures at
1.96 pm and 2.3 um which are of primary interest are shown in the insets in Figure 4.

Effective supermode areas are calculated as

([ Sadxdy)?
Aeff——sgdxdy , 1

where S; is the z-component of the Poynting vector.

A schematic diagram of the considered multicore fiber laser amplifier seeded by a
dual-wavelength source at 1.96 um and 2.3 pm with a high-power diode pump at 793 nm
is shown in Figure 5. To excite a required supermode, a beam shaper, for example, based
on a spatial light modulator can be used [30].
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Figure 4. Wavelength-dependent effective mode areas for in-phase and out-of-phase supermodes.
Insets show the corresponding distributions of x-components of electric fields Ex at 1.96 um
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Figure 5. Schematic diagram of the laser amplifier based on Tm-doped tellurite multicore fiber.

To simulate a dual-wavelength laser amplifier with allowance for the SRS process
between waves at 1.96 and 2.3 um, we generalized the system of rate equations and the
power evolution equations presented in [5,15]. The SRS was considered in a standard
way [27]. We analyzed CW waves, but this model can be valid for describing pulsed
amplifiers with signal durations noticeable longer than the total lifetime of level *Fy. In this
case, all powers refer to peak values. This approach may be justified when average
powers should be reduced. The rate equations for the population densities 17, 11, 13, and 14
(normalized to the concentration of trivalent thulium ions Nty,) in the steady state are [5,15]:

n+no+nz+ng =1 (2)
ai’l4 1
S5 Wigny + Wagnz — | Wyy + Wy + o ng — Kcpngny =0 3)
on3 1 Bz , 1
M (W + — Wi+ P84 = =0 4
o ( 34+T3>n3+< 43+T§ +T£’R ny 4
al’lz 1 ns ,342
M2 Wogny — Wy + — 13 PR, Lok -
o 1211 ( 1+ Tz)”z + o + R ng +2Kcrngny =0, 5)

where f is time, Tj is the total lifetime of level j, 4R and 74VR are the radiative and non-
radiative lifetimes of level 4, Wy, are the stimulated rates from level j to level k, By; is the
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branching ratio from level 4 to level j, and Kcr is the cross-relaxation rate (see the scheme
in Figure 1a) [5,15]. Stimulated absorption and emission rates for a pump wave are:

Fp)\p(714,41 Pp
hCAdoped

(6)

Wiga =

where c is the speed of light, & is the Planck’s constant, c'14 and 41 are the absorption and
emission cross sections at a pump wavelength A, P, is the wave power, A4 is the area
of doped cores, and I'y is the overlap integral of the pump intensity distribution with the
doped regions estimated as I'y = Aggped/ (nD?/4). Stimulated emission and absorption rates
for signal waves at A; =1.96 um and A, = 2.3 um with powers P; and P», respectively, are:

IA1091,12 P

Wat,12 = @)
! hCAdoped
13A2043,34 P
Wiz 3a = - 8)
s hCAdoped
where I'y ; are the overlap integrals of the signal waves with the doped regions.
The SRS-modified equations for the power evolution along the z-axis are:
dpP,
e —FpNTm(UMnl —(741”4)Pp —ayPp )
dP A
—= = Ny (0a1ns — 01o11) Py — gri2 52 PP — oy Py (10)
dz AT
dP;
75 = [2Nrm(0usng — 03an3)Pr + gri2P1 Py — 0P (11)

where a1, a, and &y, are the linear losses at wavelengths A1, A, and A, respectively; ¢r12
is the Raman gain coefficient for the TZ fiber calculated as

Sr(TZ@1pum) x (1pm/Aq)
(Aeffl + Aeffz) /2

Here, gr(TZ@1um) is the maximum Raman gain for bulk TZ glass for the pump wave
at 1 pm [17,27]. For most of the simulations, we set optical losses of 0.3 dB/km for laser
waves, which is easily achievable for modern single-core tellurite fibers and, in principle,
can be achieved for multicore tellurite fibers. At the very end of the section Results, we
will also analyze the impact of higher losses (up to 5 dB/m) that can be caused by light
scattering at the core-cladding interfaces, bending losses, and so on.

The system of Equations (9)—(11), with allowance for the rate Equations (2)—(5) in the
steady state, was solved numerically by the classical Runge-Kutta method (with adaptive
step size). The used parameters are listed in Table 1. We neglected the spontaneous Raman
scattering to the anti-Stokes wave and the second-order Raman scattering to the Stokes
wave. At room temperature, the process of scattering to the anti-Stokes component is weak.
Moreover, its expected wavelength of 1.7 um is strongly absorbed by Tm ions. The 2nd
order Stokes Raman wave at the expected wavelength of about 2.8 um is strongly absorbed
by hydroxyl groups in zinc-tellurite glass.

(12)

SRrR12 =
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Table 1. Parameters used in simulation.

Parameter Symbol Value
Core diameter d 7 um
Distance between centers of neighboring cores L 8.4 um
Number of cores N 10
Cladding diameter D 200 um
Pump wavelength Ap 793 nm
Wavelength at 3F, — 3Hj transition M 1.96 pm
Wavelength at 3H, — 3Hj transition Ao 2.3 um
. 530 um? (in-phase)
Effective supermode area at 1.96 pm Aefﬂ 380 Hmz (out-of-phase)
. 620 um? (in-phase)
Effective supermode area at 2.3 pm At 430 um? (out-of-phase)
Overlap integral (pump with doped area) I, 0.012
Overlap integral r 0.73 (in-phase)
(wave at 1.96 um with doped area) 1 0.95 (out-of-phase)
Overlap integral I, 0.62 (in-phase)

(wave at 2.3 pm with doped area)

0.9 (out-of-phase)

Fiber loss at 793 nm ap 0.4dB/m
0.3 dB/m (Figures 6-9)

Fiber loss at 1.96 pm q 0.3-5 dB/m (Figure 10)
Fiber loss at 2.3 um a 0.3dB/m
Raman gain of bulk TZ glass at 1 um $R(TZ@1 pm) 59 x 107 m/W
-5 -1
Raman gain coefficient (for wave at 2.3 um 73 x m (W cm)
8R12 (in-phase)

amplified by wave at 1.96 pm) 5.1 x 10-5 (W cm)~!

(out-of-phase)

Absorption cross section at 3He — 3Hy 014 1 x 10724 m?2
Emission cross section at 3H4 — 3H6 041 1 x 1072 m?
Emission cross section at 3F; — 3H6 021 2.6 x 1072 m?2

Absorption cross section at 3He — 3F, 12 1.2 x 10726 m?
Emission cross section at >Hy — 3Hs 043 2.6 x 1075 m?2

Absorption cross section at SHs — 3H, 034 2.6 x 1072 m?2

Total lifetime of level 3Hg Ty 300 us
Radiative lifetime of level *Hg 4R 400 ps
Non-radiative lifetime of level Hg MR 1.2 ms
Total (non-radiative) lifetime of level 3Hs T3 0.13 pus
Total lifetime of level 3F, T 3 ms
Ba1 0.9
Branching ratio from level 4 (*Hg) to level Baz 0.07
B3 0.03
1262571
(for Nrp =1 x 1020 em™3)
5678 s~
. (for Ny, =2 x 1020 ¢cm—3)
Cross-relaxation rate Kcr 31,0685~
(for N, = 4 x 1020 cm—3)
164,370 s~

(for N, = 8 x 102 cm—3)

3. Results

Let us first revisit the main idea of the paper: in high-power dual-wavelength fiber
amplifiers based on a special TZ fiber doped with trivalent thulium ions, the interaction
between waves at 1.96 um and 2.3 um due to SRS leads to a significant increase in the
efficiency of power conversion from the diode pump at 793 nm to the wave at 2.3 um.
Moreover, the conversion efficiency is higher for the out-of-phase supermode than for
the in-phase one because the effective area of the out-of-phase supermode is smaller than
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that of the in-phase one (for example, the effective mode area is 430 um? for out-of-phase
and 620 pum? for in-phase supermodes at 2.3 um); the out-of-phase supermode is better
localized near the cores. This is due to the fact that the topological structures of the field
distributions of in-phase and out-of-phase modes are different. There are lines of zero
field amplitude between the cores for the out-of-phase mode (due to equal amplitudes
and phase difference by 7t at these lines), so most of its power is contained in the cores.
On the contrary, there is significant field amplitude in the regions between the cores for
the in-phase mode, as clearly seen in Figure 4. The overlap integrals with doped cores
for the out-of-phase supermode are higher (see Table 1); hence, the laser gain coefficients
are higher too. In addition, the Raman gain is also higher for the out-of-phase supermode
(see Table 1).

Figure 6 (left column) shows the results of calculations performed for the out-of-
phase supermode, and Figure 6 (right column) for the in-phase one. Hereinafter, the
seed signal powers at 1.96 um and at 2.3 mW are 10 mW and 1 mW, respectively. We
checked that the exact values of low-power seed signals do not affect the output powers
of 100-W class signals. The pump power was 200 W, and the concentration of active ions
was Npy;, =4 x 102 cm=3. We purposely switched on and off the SRS in the calculations to
reveal its contribution. The results obtained for the complete model are plotted as solid
curves and for the model without SRS as dashed curves. Figure 6a,b show the evolution
of the wave power at 2.3 um, and Figure 6¢,d at 1.96 pm; whereas Figure 6e,f show the
evolution of the pump wave power.

At short distances from the fiber input end, there is cascading laser amplification
of both signal waves, and the contribution of the SRS is small. The SRS effect becomes
significant when the power in the wave at 1.96 um is sufficiently large and almost reaches
its maximum. This occurs approximately when most of the pump power has been absorbed
(vertical line through Figure 6a,c,e). After that, the wave at 1.96 um ceases to be amplified.
In the complete model with SRS, the power is further efficiently transferred from the wave
at 1.96 pm to the wave at 2.3 pm. In the model without SRS, the powers in both signal
waves reach a maximum at close points z and then decay due to losses; there is no further
interaction between them. The wave at 1.96 um decays faster since it is partially absorbed
from the ground state (at the 3H¢ — 3F, transition). The wave at 2.3 um is not absorbed at
the 3Hg — 3F4 transition. At practically zero pump powers, the levels above F, are not
populated; therefore, the wave at 2.3 um cannot be absorbed from excited states. Note that
the power distribution in the pump wave is practically the same both in the model with
and without SRS. In the case with allowance for SRS, the maximum power at 2.3 um is
86 W in the out-of-phase supermode and 66 W in the in-phase one. For the out-of-phase
supermode, the diode pump power conversion efficiency is 43%, exceeding the Stokes limit
of 34.5%. Further study and optimization allowed us to find parameters of the system for
which it is possible to achieve higher values of powers and conversion efficiencies.

Next, we studied the dependence of the power in two signal waves on two vari-
ables: the diode pump power and the fiber length for out-of-phase (Figure 7, left-hand
panels) and in-phase (Figure 7, right-hand panels) supermodes with and without SRS
(at N7y = 4 x 1020 ecm™3). The power curves at 2.3 um are plotted in the top row
(Figure 7a—d) and at 1.96 pm in the bottom row (Figure 7e-h).

It can be seen that at pump power < 100 W, the wave at 2.3 um is weakly amplified,
while the wave at 1.96 um is significantly enhanced. This is explained by the cross-
relaxation effect, which is rather strong at the chosen concentration of active ions.
Its action leads to a decrease in the population at the >Hy level and a decrease in the
laser gain at the 3H, — 3Hj transition, as well as an increase in the population at the
3F, level and a significant increase in the laser gain at the *Hy — 3Hj transition. Thus, at
a pump power of 100 W, the maximum wave power at 1.96 um is 60 W (the conversion
efficiency reaches 60%) in the out-of-phase mode, which significantly exceeds its Stokes
limit (0.793/1.96 = 40%). In this case, the red dashed-dotted curves in the lower panels
demonstrate the optimal lengths of the wave at 1.96 pm depending on the pump power
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(i.e., the z value at which the maximum P; is reached at a certain Py). These dependences
are rather weak and are determined by the pump absorption length, which changes weakly
for the considered parameters. The blue-dotted curves in all plots show the optimal fiber
lengths for maximizing wave power at 2.3 pm as a function of pump power (i.e., the z value
at which P, is maximized at a certain Pp).

Out-of-phase supermode In-phase supermode

T
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Figure 6. Powers vs. fiber length calculated with/without SRS for pump power 200 W and Nr,,
=4 x 10?0 cm~3 for waves at 2.3 um propagating in out-of-phase (a) or in-phase (b) supermodes;
for waves at 1.96 um in out-of-phase (c) or in-phase (d) supermodes; and for waves at 793 nm in
out-of-phase (e) or in-phase (f) supermodes. The vertical dash-dotted line through Figures (a,c,e)
shows the fiber length at which the power in the wave at 1.96 um reaches its maximum.

In the case of switching off the SRS process, the optimal lengths are quite close for both
waves since amplification occurs only due to cascade laser processes, which cease when
the pump is absorbed. In the case of an allowance for SRS, the optimal lengths maximizing
wave power at 2.3 pm strongly depend on the pump power. The higher the pump power,
the shorter the optimal length. This has a very simple explanation: the higher the pump
power, the higher the power in the wave at 1.96 um, which means that the faster it amplifies
the wave at 2.3 pm due to SRS. The optimal length for a wave at 2.3 pm is reached when
the gain becomes equal to the optical loss. With the chosen TZ fiber parameters, this occurs
for P; = 9.5 W for the out-of-phase mode and P; = 13.5 W for the in-phase mode (i.e.,
the blue-dotted curves in Figure 7e,g show the level lines corresponding to these values).
In addition, as P, increases, the population of the 3Hg level increases, and the laser effects
are also enhanced for the wave at 2.3 pm. At any pump power, the maximum power
achieved in the wave at 2.3 um is higher for the out-of-phase supermode than for the
in-phase one.

Next, we made optimizations for the wave at 2.3 pm for various concentrations of
active ions. The ratio of the power in this wave to the pump power (P,/Pp) as a function of
two variables, pump power and fiber length, is presented in Figure 8.

The following features are visible here: At low concentrations of trivalent thulium
ions, amplification of the wave at 2.3 um with a noticeable efficiency (>10%) begins at
a pump power of about 10 W (Figure 8a), while with increasing concentration, a higher
pump power is required (Figure 8b—d). At the highest considered value of N1, the
cross-relaxation is so strong that the laser amplification of the wave at 2.3 um is small,
and notable values of its power are achieved mainly due to the SRS process at high
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powers and long fiber lengths (Figure 8d). The optimum for P; is achieved at intermediate

concentrations of Ny,
In this case, both effects

efficiency reaches 50%, which exceeds the Stokes limit by 15%.
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Figure 7. (a) Power in the wave at 2.3 um vs. two variables: pump power and fiber length calculated
for out-of-phase mode with SRS (a); out-of-phase mode without SRS (b); in-phase mode with SRS
(c); in-phase mode without SRS (d). Power in the wave at 1.96 pm vs. pump power and fiber length
calculated for out-of-phase mode with SRS (e); out-of-phase mode without SRS (f); in-phase mode
with SRS (g); in-phase mode without SRS (h). Dotted blue curves in all panels demonstrate the optimal
fiber length maximizing P, for certain pump power. Dash-dotted red curves in (e-h) correspond to
the fiber lengths maximizing P; for certain pump powers.
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Figure 8. (a) Ratio of the power in the wave at 2.3 um to the pump power (P,/Pp) as a function of two

variables: pump power and fiber length calculated for N7, =1 x 102 em 3 (a); Ny =2 x 1020 em—
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(b); N7y =4 % 1020 em 3 (c); and Ny, = 8 x 102 em =3 (d). Dotted blue curves in all panels demonstrate

the optimal fiber length maximizing P, for certain pump power.
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Next, for clarity, we plotted the dependence of the wave power at 2.3 pm on the pump
power for optimal concentrations: N7, =2 x 102 cm—3 (Figure 9a) and N1, =4 x 102 cm—3
(Figure 9b). Each curve in Figure 9a,b corresponds to a certain lengthL=1,2,... ,7mand, in
fact, reproduces the data from Figure 8b,c. It is clearly seen that at the most optimal lengths of
3-4 m and at high powers (>150 W), these dependences are close to linear functions.

Out-of-phase supermode (wave at 2.3 um)
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Figure 9. Power in the wave at 2.3 um as a function of pump power for Ny, = 2 x 102 cm~3 (a)
and N, = 4 x 102 cm~3 (b) calculated for different fiber lengths. The legend in (b) is shared for
both panels.

Finally, we studied the effect of increased fiber losses on the quantitative character-
istics of laser amplifiers. For all simulations presented above, we set optimistic losses
of 0.4 dB/m at 793 nm and 0.3 dB/m at 1.96 and 2.3 um. Here, we purposely increased
losses at laser wavelengths to take into account additional imperfections (including
bending losses). The simulated output powers at 2.3 um vs. the fiber length for opti-
mal concentration N7, = 4 x 10?Y cm~3 calculated for out-of-phase supermodes with
SRS and without SRS are plotted in Figure 10a,b, respectively, for different losses in
the 0.3-5 dB/m range. It is not surprising that the higher the loss, the lower the output
power and the shorter the optimal fiber length. More interesting is that the relative
contribution of the Raman gain is much higher for relatively low losses. Comparing
Figure 10a,b, it can be seen that at losses up to 2 dB/m, the output power with SRS is
significantly higher than without it, while at losses >3 dB/m, the Raman contribution be-
comes relatively small. Therefore, for the experimental implementation of the proposed
amplifier, one should aim to manufacture a high-quality multicore tellurite fiber.
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Figure 10. Powers vs. fiber length calculated with SRS (a) and without SRS (b) for waves at 2.3 um
propagating in out-of-phase supermode for pump power of 300 W and Nr,,, =4 x 102 cm~3 and for
different fiber losses. The legend in (b) is shared for both panels.
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4. Discussion and Conclusions

To conclude, we have shown numerically that a trivalent-thulium-ion-doped TZ multi-
core fiber with coupled axially symmetrical cores arranged in a symmetrical ring structure
is a promising solution for diode-pumped optical amplifiers of 100-W power class at 2.3 um,
which is required for important applications. We studied the use of dual-wavelength seed
signals with a power of order 1 mW at 1.96 ym and 2.3 um and a commercially available
diode pump at 793 nm with a power of up to 300 W. We demonstrated the possibility of
attaining up to 50% conversion efficiency from the pump power to the wave at 2.3 um
which exceeds the Stokes limit by 15% due to a combination of laser amplification and
SRS between signal waves (for losses of 0.3 dB/m). The proposed scheme can provide
significantly higher efficiency in comparison to trivalent-thulium-ion-doped fiber lasers
and amplifiers that do not benefit from additional Raman energy transfer [4-7]. Note that
the use of a fiber based on TZ glass is substantial, since its Raman shift of 22.5 THz coincides
with the difference in the frequencies for two different radiative transitions of the trivalent
thulium ion. For other glasses that are transparent in this range, the Raman shift is smaller
(~17 THz for ZBLAN [36], 10 THz for arsenic [37], ~7 THz for arsenic triselenide [37]),
which is not suitable for implementing the concept of combining cascade laser amplification
and SRS. We emphasize that the use of the out-of-phase supermode is important since
its overlap integral with doped cores is higher compared to the commonly used in-phase
supermode, whereas the out-of-phase supermode provides a higher total gain. In addition,
it was previously shown that the out-of-phase supermode is stable at high powers, while
the in-phase one is unstable [28-30]. As was shown in [30], small perturbations of the ideal
transverse fiber structure led to a slight deformation of the out-of-phase mode, but do not
lead to qualitative changes. Therefore, when deviating from the ideal geometry, only minor
quantitative changes in the amplifier parameters are expected.

Note that the proposed design is especially good for high pump powers > 150 W.
It provides high total power with an allowable load on each core. In this case, all powers
refer to peak values. At lower target peak powers, a similar optimization can be performed
using fewer cores, thereby reducing the effective mode area and increasing the Raman
gain. One can also use a smaller cladding diameter to increase the overlap integral of the
pump with doped cores. We considered CW waves, but the developed approach is valid
for pulsed amplifiers with signal durations notably longer than the total lifetime of level
3F4 (3 ms).
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Abstract: A distributed Bragg reflector (DBR) laser with a specially designed, heavily Er**-doped
composite fiber of a length as short as 1.8 cm is demonstrated. The DBR laser, pumped by a 980 nm
laser diode with power of up to 370 mW, generates single-frequency radiation at a wavelength of
1535 nm with a narrow instantaneous linewidth of <100 Hz and a high output power of 2 mW.
The obtained Er®*-doped fiber laser parameters pave the way toward a broad range of practical
applications from telecommunications and sensing to scientific research.

Keywords: fiber laser; fiber Bragg gratings; distributed Bragg reflectors; composite erbium fiber;
single-frequency regime; narrow linewidth

1. Introduction

Single-longitudinal-mode (SLM) fiber lasers are widely used in a broad range of appli-
cations such as coherent telecommunications [1], sensing with a high spatial resolution [2,3],
Rayleigh backscattering reflectometry [4] and high-resolution spectroscopy [2]. Distributed
feedback (DFB) fiber lasers are the most popular among them and provide stable single-
frequency generation due to the spectral filtering in a laser cavity formed by a fiber Bragg
grating with a pi-phase shift inscribed in the core of the active fiber [5-7]. The fabrication
of a phase-shifted FBG with an overall length of >5 cm is quite a challenging task in
comparison with uniform FBG inscription, considering the precise spatial position and
amplitude of the phase shift to be created during the inscription process. For these reasons,
elaborated phase masks with phase shifts in the structure or complicated point-by-point
inscription techniques are used for the inscription process via continuous UV radiation [7]
and femtosecond (fs) laser pulses [8], respectively. Aside from DFB fiber lasers, it is pos-
sible to achieve single-frequency generation with comparable output parameters using
a distributed Bragg reflector (DBR) laser scheme characterized by a short cavity with an
active fiber between two long, uniform FBGs [9]. For example, an SLM fiber laser based
on active an Er3* /Yb** co-doped fiber was demonstrated, emitting at 1560 nm with an
output power of up to 200 mW and a spectral width of 2 kHz [10]. A reduction in the cavity
length of a DBR laser based on an Er®*/Yb®" active fiber to 2 cm in length was achieved
in [11], in which one FBG was replaced by a dielectric mirror, allowing for laser generation
at 1535 nm with an output power of up to 300 mW and a spectral width of 1.6 kHz.

However, the development of a DBR fiber laser with single-frequency generation
based on an Er®* active fiber is difficult task owing to the low absorption cross-sections
of Er** active ions and a clustering problem in the case of a high concentration of Er**

60



Photonics 2023, 10, 679

ions, which results in a pulsed regime of laser generation. To avoid these disadvantages, a
specially designed Er**-doped composite was developed [12]. The measured gains at the
wavelength of 1535 nm were about 1.6 dB/cm and 3.1 dB/cm for fibers with the erbium
oxide concentrations of 1 wt% and 3 wt%, respectively [13]. Owing to a high radiation
absorption in the case of the 3 wt% active fiber, an extremely short DFB fiber laser with a
5 mm long cavity was demonstrated through the use of a point-by-point femtosecond laser
inscription technique of a pi-phase shifted FBG [14]. Moreover, using a 1 wt Er®* active
fiber in a DFB laser configuration with a cavity length of 5 cm, single-frequency generation
lasing at 1559.5 nm with a output power up to 3 mW at a pump power of 320 mW was
demonstrated [15].

In this work, we present the results of the development of a DBR laser with an Er3*
active fiber with a high concentration of active ions (3 wt%) in a cavity as short as 2 cm
formed by two mirrors: a less reflective FBG inscribed in the active fiber core and a highly
reflective dielectric multilayer mirror deposited on the fiber end face. A single-frequency
lasing regime is observed in the whole pump power range (up to 370 mW) with the
instantaneous laser linewidth of ~100 Hz at a maximum output power of 2.05 mW. To the
best of our knowledge, the DBR Er>*-doped fiber laser developed here has a record short
cavity length of 1.8 cm, resulting in spectral and output power parameters favorable for a
wide range of applications.

2. Experiment

The optical fiber used as an active medium for the DFB lasers was produced via a
rod-in-tube technique, using a phosphate glass rod and a silica tube and then drawing the
preform. The process of manufacturing the fiber is described in detail in papers [16,17]. To
fabricate the core, we used glass of the same composition as the glass used in [16,17]. In ad-
dition to 65 mol% of phosphorus oxide (PO5;), this composition contained 7 mol% of Al,O3,
12 mol% of B,O3, 9 mol% of Li,O, and 7 mol% of RE;O3. The concentration of erbium
oxide in the initial glass was about 1.2 mol% (3 wt% erbium). The core diameter of the
active fiber amounted to 3.6 um, which corresponded to a mode field diameter of 4.34 pm.
The peak absorptions were about 1.25 dB/cm and 3.65 dB/cm at a pump wavelength of
980 nm and an output radiation wavelength of 1535 nm, respectively. Thus, due to the
high concentration of active ions, N ~ 1.6 x 1020 cm~3, the fiber gain coefficient was as
high as g ~ 3.1 dB/cm at a lasing wavelength of 1535 nm. At such a high concentration of
active ions, ion clustering usually occurs, leading to pulsed laser generation [18,19]. A high
phosphorus concentration in the core of the composite fiber reduced the clustering effect
so that the overall concentration of clusters decreased to ~8% [14], which is significantly
lower than cluster concentration in commercial active fibers with lower concentrations of
ions. For example, the cluster concentration in the Er-doped active fiber Er-80 amounts to
14% at a lower ion concentration (N = 3.7 x 10 em—3).

The highly reflective dielectric mirror used in the DBR laser cavity was deposited via
magnetron sputtering on the active fiber end face [20]. The mirror consisted of 15 quarter-
wavelength layers of H(LH); with a high refractive index, nTiO; ~ 2.4 (H, titanium oxide
TiO,), and a low refractive index, nSiO; ~ 1.47 (L, SiO;), resulting in reflection coefficient
of >99% at 1.55 pm and a total thickness of ~ 3.2 um. The reflection coefficient at a pump
wavelength of 980 nm amounted to 20%. An FBG with a narrow spectral bandwidth
inscribed via a femtosecond laser point-by-point technique [8] was used as an output
coupler with a reflection wavelength of ~1535 nm, a reflection coefficient of 98%, a spectral
bandwidth of ~60 pm and a length of 1.5 cm. The required length of the active fiber for
CW laser generation depends on the gain coefficient at the output radiation wavelength
and the total losses in the cavity:

gL = TrpG + Tam + oL+ In(1 — &plice), (1)

where L is the length of the active fiber, and g is the gain coefficient, which was estimated
to be 3.1 dB/cm at a wavelength of 1535 nm. Tppg and Tg4y, are the losses of the FBG and
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dielectric mirror deposited on the fiber tip, respectively. The value of the passive loss o
in the fiber, measured at a wavelength of 1300 nm, was about 4-5 dB/m [13]. Due to the
difference in the mode field diameter (MFD) between the SMF-28 and the composite fiber,
the splicing losses ospjice amounted to ~250%. Despite the high total losses, the minimum
fiber length required for the CW laser generation was estimated to be ~1 cm. In the
experiment, the length of the active fiber was 1.8 cm, taking into account that an FBG with
a length of 1.5 cm results in a total resonator length of 3.3 cm.

The experimental scheme of the DBR laser is shown in Figure 1. The DBR fiber
cavity was pumped by a single-mode laser diode with a wavelength of 980 nm and an
output power of up to 370 mW through the 980/1.550 nm wavelength division multiplexer
(WDM). The laser wavelength and output power were measured using a Yokogawa AQ6370
Optical Spectrum Analyzer (OSA) with a resolution of 20 pm. An Agilent N9010A Radio
Frequency (RF) spectrum analyzer and a Thorlabs DETO8CFC 5 GHz photodiode were
used to measure the relative intensity noise (RIN). A Mach-Zehnder interferometer (MZI)
was utilized to determine both the instantaneous laser linewidth and the spectral width at
longer time intervals of ~100 psec. One of the MZI arms contained a 25 km fiber, and the
other arm contained an acousto-optic modulator (AOM) controlled by an Agilent 33250A
signal generator with a carrier frequency of 80 MHz. The beat signal was measured with a
Thorlabs DETO8CFC photodiode and a LeCroy WavePro 725Zi-A /5 GHz oscilloscope with
FFT function, which allowed for the waveforms and RF spectra of the signal to be measured.
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Figure 1. Experimental setup.
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3. Results and Discussion

Figure 2a shows the measured output power as a function of the pump power. The
threshold for generating radiation with a wavelength of ~1535 nm was reached at a pump
power of 140 mW. The high value of the threshold power can be explained by the losses
of splicing between the active fiber and the single-mode fiber with the FBG. The output
power reached 2.05 mW at a maximum pump power of 370 mW, which corresponds to a
differential efficiency of 1 ~0.85% and significantly exceeds this value for typical Er** DFB
lasers [21].
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Figure 2. (a) The measured output power as a function of pump power; (b) output laser radiation
spectrum at maximum output power; inset: RF spectrum of radiation.

Figure 2b shows the optical spectrum of the output radiation at maximum output
power: the spectral width at the half-maximum of 20 pm corresponds to the OSA instru-
mental function, and the signal-to-noise ratio is 60 dB. The RF spectrum at the maximum
output power presented in the inset of Figure 2b reveals no longitudinal mode beat peaks
in the frequency range up of to 3.6 GHz (=28 pm at 1535 nm), thus confirming the regime
of single-frequency generation.

The measured level of the RIN was —90 dB/Hz at 527 kHz, which is a typical value for
this type of laser without external active stabilization. Using the technique of beat waveform
processing described in [22-24], the frequency noise spectrum was obtained (see Figure 3b).
The value of the instantaneous laser linewidth was determined by the level of white noise,
Sp, and was Av = 1Sy ~ 94 Hz [25]. The relatively high value of the instantaneous linewidth
was determined by the high power level of the spontaneous noise [26], which depends on
the concentration of active ions in the fiber [27]. The self-heterodyne technique was used to
determine the laser linewidth at the delay line time interval [28]. Figure 3c shows an RF
beat signal with a width of 110 kHz at a level of —20 dB, which corresponds to the laser
linewidth of 5.5 kHz for the Lorenz profile. Therefore, the obtained spectral characteristics
of the proposed DBR-laser are comparable with the spectral characteristics of typical Er®*
DEFB lasers but with a significant excess of output power.
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Figure 3. (a) Relative intensity noise measured at the maximum output power of the laser; (b) PSD of
frequency fluctuations; (c) RF beating spectra obtained via heterodyne.

4. Conclusions

Thus, based on a heavily Er-doped fiber with a gain coefficient of ~3.1 dB/cm, a DBR
fiber laser has been developed with a record short active fiber length of 1.8 cm. A significant
shortening of the cavity length was achieved through the use of a dielectric, highly reflective
thin-film mirror deposited on the end face of the active fiber. In combination with the
FBG, the total length of the structure was 3.3 cm. Due to the broad free spectral range
of the obtained short laser cavity, a single-frequency regime was observed in the entire
lasing power range with a maximum output power of 2 mW. The signal-to-noise ratio was
at least 60 dB, as measured by the OSA, with an optical bandwidth resolution of 20 pm,
and the peak of the RIN was observed at a frequency of 527 kHz; the peak amplitude
value corresponded to —90 dB/Hz. The measured instantaneous linewidth of the laser
at maximum output power was 100 Hz, and the width measured over a time interval of
~100 us was 5.5 kHz. In addition, the use of a broadband dielectric mirror makes it possible
to easily tune the generation wavelength via the compression/tension of the output FBG.

The characteristics of the developed compact DBR fiber laser presented herein open
the path for applications in telecommunications, sensing, metrology, and scientific research
in which compact and stable narrowband laser sources with tuning options are required [2].
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Abstract: The Erbium “random” laser, based on the artificial Rayleigh fiber, has been comparatively
studied in detail under two different pump conditions: 974.5 and 1485 nm pumping wavelengths.
The artificial Rayleigh 7-m-long fiber was used as a laser cavity, it was formed by the ultraviolet (UV)
inscription of the uniform array of the weakly reflective fiber Bragg grating (FBG) during the fiber
drawing process. The UV photosensitivity of the Erbium-doped fiber originated from the specially
developed (germanophosphosilicate) core glass composition. The emission spectrum of the fabricated
“random” fiber laser had a single narrow peak at the 1548 nm wavelength. It was clearly revealed
that the extension of the laser cavity by the separate wavelength-matched 90%-reflective FBG resulted
in a significant laser efficiency growth. The highest laser slope efficiency of 33% and the laser output
power of 80 mW were reached in the FBG-modified cavity at the 974.5-nm-wavelength pumping.
The continuous-wave operation mode of this laser has been confirmed. The laser linewidth value
measured by the delayed self-heterodyne technique was about 550 Hz.

Keywords: random fiber laser; fiber Bragg gratings array; artificial Rayleigh fiber; erbium-doped
germanophosphosilicate optical fiber

1. Introduction

Optical fibers (OF) are currently used for telecommunications, sensor systems and
lasers. Currently, a new direction that is known as “random” fiber lasers [1-4] is actively
developing. This direction of photonics has become a subject of great interest for researchers
around the world due to the fact that random fiber lasers are able to generate light with
unique performance characteristics without imposing strict requirements on the optical
cavity. In this case, amplification is achieved due to the Raman scattering effects [2] or
stimulated Brillouin scattering (SBS) [3]. The feedback in optical fibers is achieved due to
the weak stationary (“frozen into the glass grid”) scattering centers, uniformly distributed
over a fiber length (Rayleigh scattering). This leads to the fact that the cavity of random
lasers is constructed using long (1-100 km) OFs. The current trends in “random” fiber
lasers are associated with the transition to lasers with cavities, based on an array of the
weakly reflective, identical fiber Bragg gratings (FBGs) [5,6]. FBG arrays are also called
“artificial Rayleigh fibers”, as they are mainly used to increase the intensity of the return
optical signal and reduce the cavity length because the reflection signal from Rayleigh
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scattering is extremely small [4] (—82 dB for pulses with duration of 1 ns). For random
laser development, it is important to explore and fabricate the artificial Rayleigh fibers with
optimal characteristics.

The process of forming such structures by UV radiation is carried out in several
iterations: first, a polymer coating is removed from the OF section with a length of ~10 mm,
then an FBG is formed in it using laser UV radiation, after which the OF section with
the inscribed FBG is overcoated by polymer, and the whole procedure is repeated in the
next section of the OF. The usage of the described technique contributes to a significant
increase in the return signal, but also causes a deterioration in the mechanical strength of
the optical fiber in the places where the FBG is inscribed. This significantly narrows the
possibilities and scope of the FBG arrays. Moreover, the number of FBGs in such an array
is limited. This disadvantage is devoid of the method of femtosecond inscribing by laser
radiation in the visible, or IR, range. In this case, the removal of the coating is not required,
which is noted in [7,8]. However, both methods for manufacturing large FBG arrays require
significant, often unjustified data, labor costs.

The solution to the problem was the development of special OFs with extended FBG
arrays, which are inscribed directly during the process of extracting the OF with UV
radiation [9-15]. FBGs are inscribed in such an optical fiber using pulsed radiation from
an excimer UV laser and a phase mask. The number of FBGs per 100 m of such an OF
can reach 10,000 pieces. In other words, such OFs can be totally inscribed by FBGs. The
increase in the return signal, compared to the Rayleigh scattering level (contrast), reaches
values of 50 dB at the Bragg wavelength of 1550 nm. The typical width of the reflection
spectrum of the 100%-filling FBG array that is inscribed during the drawing process is
0.3 nm. Using a chirped phase mask to write an FBG array, it is possible to obtain a total
reflectance spectrum width of an array of 4 nm. This is necessary for the application of
FBG arrays in coherent reflectometry systems operating in wide temperature ranges [15,16].
However, in this case, the level of the reflected signal may decrease.

As compared with the Rayleigh backscattering in optical fibers, backscattering in an
OF with an FBG array is characterized by a fairly narrow width of the reflection spectrum,
which is determined by the width of the reflection spectrum of individual FBGs. However,
within the reflection line itself, the reflection spectra of the OFs with an FBG array are
similar to the Rayleigh scattering spectra. They are characterized by a random (Rayleigh)
distribution of the amplitude reflection coefficient over the frequency and represent an
alternation of maxima and minima on a typical scale, determined by the inverse time of
light travel along the entire length of a fiber. Thus, provided that the operating frequency
range is within the reflection spectrum of the gratings, OFs with an FBG array are a good
alternative to traditional Rayleigh fibers and, therefore, called “artificial Rayleigh fibers”. In
particular, they can be effectively used in such applications as coherent reflectometry [15,16]
and random lasers [17-26].

The spectrum of the reflection of each FBG in array depends on the ambient tempera-
ture, tension and refraction coefficient (which is non-permanent in preform and can change
a little bit in the OF drawing process). Such factors form a non-phase array with a typical
width of 0.2-0.3 nm in opposition to the narrow-width phase grating using in DFB lasers.

Weakly reflective FBG arrays can be also inscribed in active OFs doped with rare-earth
ions (erbium, ytterbium and bismuth). It makes it possible to create OFs that combine
both an increased reflectivity and the possibility of forming dynamic gratings, which are
important for the spectral selection of laser radiation [19,20,27,28]. Such OFs are a good fit
for making the cavities for compact random lasers.

The main advantage of random lasers with a cavity, based on an array of FBGs, is the
narrow band emission with continuous-wave operation at relatively small cavity lengths
(less than 10 m). However, previously such lasers’ configurations have shown a relatively
low efficiency of the laser’s radiation (less than 10%) [20,21,26].

This article is the evolution of our previous works, including an optimization of
random laser cavities, based on artificial Rayleigh fibers, and adapted to the conventional
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telecom wavelength range (also known as “C-band” range). The main novelty is the
development of an artificial Rayleigh fiber on the basis of a special photosensitive Er-doped
OFs with a germanophosphosilicate core matrix.

2. Materials and Methods

The experimental setup developed “in-house” [26] was implemented to fabricate FBG
arrays during the fiber drawing process. The source of UV radiation was an Optosystems
CL-5100 pulsed KrF excimer laser [29] with the 248 nm illumination wavelength and a
pulse duration of 10 ns. Each of the FBGs in the array was inscribed with a pulse fluence of
400 mJ/cm?.

In this work, we used a phase mask, manufactured by Ibsen Photonics with a working
area of 10 X 10 mm and a period of 1070 nm. The OF drawing rate is about 10 m/min.
The single FBG inscription in the array was performed in one pulse. The phase mask was
installed in the immediate vicinity of the fiber being drawn. The typical length of a single
FBG was 10 mm long, which has been determined by the width of the laser beam and the
working length of the phase mask. The duty cycle of the FBG along the length of the fiber
(inscribing density) was controlled by synchronizing the drawing speed and the repetition
rate of the UV laser pulses. Thus, with a pulse repetition rate of 10 Hz and an extraction
speed of 6 m/min, a fully filled (100%) array with separated FBGs has been achieved. It
should be noted that a halving of the laser’s pulse repetition frequency (to 5 Hz) at the
constant drawing speed indicates the 50% filling of FBG array. In this case, the distance
between the individual FBGs is equal to their length, i.e., equal to 10 mm.

In this work, the artificial Rayleigh fiber samples were fabricated from the preform
with an erbium-doped core. This preform was synthesized, utilizing the original MCVD
method of the separate component deposition, which has been already described in detail
in our previous work [26]. The core material was germanophosphosilicate glass doped
by the erbium oxide as the activator (Er;O3-GeO;-P,05-5i0;). According to the results of
studying the elemental composition of the core glass using an X-ray analyzer (JEOL 5910LV),
the average value of the P,O5 concentration was 12 mol.% and GeO; was 1.5 mol.%. The
erbium concentration turned out to be below the detection limit of the analyzer (less than
0.1 at .%). The preform was stretched and jacketed to the first mode cutoff wavelength
of 0.94 um. The difference between the refractive indices of the core and cladding in the
jacketed preform, measured using a Photon Kinetics P2610 preform analyzer, was 0.015.

We used the method of optical frequency domain reflectometry (OFDR) [30] with
a Luna 4400 device to characterize the fabricated FBG arrays. In addition, we used a
Yokogawa AQ6370D optical spectrum analyzer (OSA) with a maximum optical resolution
of 0.02 nm for the spectral measurements of the FBG array reflection. Additionally, this
OSA was used for the measurements of the OF absorption spectra. The source of radiation
for the spectral measurements was a superluminescent diode with a fiber output (for the
FBG array samples) or a halogen lamp (for the conventional OF samples).

The single-mode OF with a standard outer diameter of 125 pym was drawn from the
preform. The fiber had a core diameter of 4.8 um and cutoff wavelength of 900 nm.

The level of background (or “gray”) optical losses was about 2 dB/km, which is a
sign of the homogeneous structure of the core glass and the absence of the transition metal
impurities in it. The intensities of the Er3* ion absorption peaks at 980, 1490 and 1535 nm
in the fiber were 3.3, 3.1 and 7 dB/m, respectively. The transmission spectrum of the fiber
in the extended telecommunications wavelength range (1460-1620 nm) measured with an
optical resolution of 1 nm is shown in Figure 1.

The small-signal gain of an active fiber is fundamentally important to find the optimal
configuration of a fiber laser cavity and evaluate its generation characteristics. The small-
signal gain in the fiber was measured in the wavelength range of 1525-1610 nm using two
APEX AP1000-5 and AP1000-8 platforms equipped with AP3350A tunable semiconductor
single-frequency lasers (operated in range of 1525-1610 nm) and AP3352A (operated
in range of 1575-1610 nm). Both were used as weak signal sources. Two laser diodes
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radiated at a wavelength of 976 or 1485 nm were used as sources for the active fiber
pumping. Using the technique described above, the spectral dependences of the gain in the
telecommunications wavelength range (C- and L-range) were obtained for two pumping
schemes: at a wavelength of 976 nm (Figure 2, curve “1”) and 1485 nm (Figure 2, curve “2”).
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Figure 1. Transmission spectrum of the optical fiber in the wavelength range of 1460-1620 nm.
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Figure 2. Spectral dependences of the small-signal gain in the wavelength range 1525-1610 nm,
measured in the fiber pumping mode at a wavelength of 976 nm (“1”) and 1490 nm (“2”).

The main object of our research in this work was the artificial Rayleigh fiber: a 7-m-long
array filled on the 100% uniformly by weakly reflective FBGs. Moreover, another similar
fiber sample with a 50% FBG filling was fabricated for inscription contrast measurement
(the excess of the return signal above the Rayleigh level). The FBG inscription contrast
obtained by the OFDR technique was up to 45 dB (see Figure 3).
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Figure 3. Frequency reflectogram (OFDR) of the experimental 50%-filled weakly reflective FBG array

with a central reflection wavelength at 1548 nm.

Figure 4 reveals the optical reflection spectrum of the 100%-filled 7-m-long weakly
reflective FBG array, which has been obtained by OSA with an optical resolution of 0.1 nm.
Next, this sample was used as the “random” laser cavity.
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Figure 4. Optical reflection spectrum of the 7-m-long weakly reflective FBG array.

The basic scheme of the laser investigation experimental setup is depicted in Figure 5.
The “random” laser cavity (1) was backward-pumped via a wavelength-division multi-
plexer (WDM) (2) by using one of the two laser diodes (3): Photonics 351999CHP (emission
wavelength 974.5 nm) and Anritsu GF4B701 (emission wavelength 1485 nm). The optical
power of the pumping radiation was controlled by a CNILaser LP100 powermeter. The
laser output radiation passed through the optical isolator (4) to avoid the influence of
back-reflection. The OSA Yokogawa AQ6370D (5) was used for the laser emission spectral
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measurements, and Grandway FHM2B01 or JDSU MP-60 powermeters (6) were used for
the laser optical power measurements. Optionally, the highly reflective FBG (7) was used
to extend the “random” laser cavity and its lasing properties have also been studied. In
addition to the basic measurements, the laser operation mode has been investigated by
Extech MS6060 oscilloscope and the special self-heterodyne radio-frequency (RF) setup.

Figure 5. The scheme of the experimental setup: 1- laser cavity; 2-wavelength-division multiplexer
(WDM); 3-laser diodes; 4—optical isolator; 5-optical spectrum analyzer; 6—optical powermeters;
7-highly reflective FBG.

3. Results

The cavity of the “random” laser studied in this work generated narrow-band radiation
at a wavelength of 1548 nm. As can be seen from Figure 6, the “telecom wavelength-range”
spectrum of the pumped 7-m-long artificial Rayleigh fiber has a single narrow peak, while
only the erbium amplified luminescence (ASE) is visible in the spectrum of the same
conventional (i.e., without weakly reflective FBGs) pumped fiber.
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Figure 6. Emission spectra of the conventional (i.e., non-containing weakly reflective FBG array)
active OF (“1”) and the artificial Rayleigh fiber (“2”), obtained at the same power level (~30 mW) of
the 976 nm wavelength pump. “ASE”—spontaneous emission, “lasing”—laser generation.

One of the most important characteristics of a fiber laser is the dependence of the
output radiation power from the power of the pump radiation coupled into the cavity.
Figure 7 shows the power dependencies for the 974.5 nm-wavelength pumping case. The
graph “1” in Figure 7 attributes to the laser output power depending on the pump radiation
coupled power. The second graph “2” reveals the unabsorbed pump power (i.e., pump
radiation passed through the cavity) versus the coupled pump power.
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Figure 7. Output power (“1”) of the “random” laser cavity and the unabsorbed pump power (“2”)
versus the coupled pump power with a wavelength of 974.5 nm. Pink line-left scale. Black line
right scale.

The analysis of Figure 7 gives us a result of the differential power efficiency (or slope
efficiency, 1) of the “random” laser: 0.15. It should be noted that a rather significant part
(~40%) of the pump radiation was not absorbed in the cavity and therefore the n value was
not maximum.

A relatively simple and convenient way for increasing the slope efficiency of a “ran-
dom” cavity without the risk of lasing instability escalation is the extension of this cavity
by the single separate highly reflective FBG [25]. The reflection peak of such FBGs in this
case must be wavelength matched exactly with the reflection maximum of the weakly
reflective FBG array (i.e., lasing wavelength), which form a basic “random” cavity. The
FBG used in the present work had a length of 10 mm and was inscribed in a photosensitive
(germanosilicate) OF, with waveguide characteristics close to the parameters of the studied
active OF: the cutoff wavelength was 910 nm, the refractive index difference was 0.014.
This FBG with a 90% reflection on the wavelength of 1548 nm was spliced to the 7-m-long
“random” cavity from the side opposite to the direction of launch the pump radiation. The
optical loss at the splicing point did not exceed 0.1 dB.

As seen in the Figure 8 (curves “1” and “2”), the modification “random” cavity by the
90%-reflective FBG did not lead to any significant changes in the shape of the emission
spectrum. The slight difference in the peak wavelength of the “1” and “2” spectra may be
due to the temperature effects.

On the other hand, the “random” cavity modified with a 90%-reflective FBG demon-
strated a twofold increase in the output power and slope efficiency (n = 0.33) at the same
values of the pump power (see Figure 9, graph “1”). This can be explained by the more
efficient absorption of the pump radiation in the cavity modified by the FBG (compare
graphs “2” in the Figures 7 and 9), despite the fact that its length (7 m) did not change much.
It is extremely important to point out that lasing with a 90%-reflective FBG was unreachable
in configuration with a conventional 7-m-long active OF. The lasing was possible only
when this FBG was attached to the array of weakly reflective FBGs, i.e., segment of the
artificial Rayleigh fiber.
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In the case of 1485 nm wavelength pumping, the influence of the cavity extension by
the 90%-reflective FBG was much more significant. Importantly, the lasing threshold in
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the “pristine” 7-m-long cavity (without the 90%-reflective FBG) was not achieved at any
pumping power level. On the contrary, as shown in the Figure 10, the same laser cavity
modified by the 90%-reflective FBG demonstrated a good lasing threshold (~10 mW of
pumping power) and slope efficiency (n = 0.29), which was comparable in value to the
slope efficiency at the 974.5 nm wavelength pumping (n = 0.33).
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Figure 10. Output power (“1”) of the “random” laser cavity, modified with FBG, and the unabsorbed
pump power (“2”) versus the coupled pump power with a wavelength of 1485 nm. Orange line—left
scale. Violet line—right scale.

The long-term laser power stability has been studied. The laser cavity extended by the
90%-reflective FBG was pumped at the 974.5 nm wavelength with a 50 mW input power
level. Figure 11 displays the laser’s output power value with a long time duration. It can be
concluded that the laser power is sufficiently stable at a constant external temperature (295 K).
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Figure 11. Time dependence of the laser’s output power (green). Inset—oscilloscope trace (red).

It was also found that the studied laser operated strictly in a continuous-wave (CW)
mode, without any self-pulsing (such as a Q-switch). This result is in good agreement
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with our previous works [19-22,25]. The CW laser operation can be explained by the
contribution of the dynamic grating formation [19,20]. On the other hand, one can see in
the inset of Figure 11 a weak oscillation with a frequency of 35-40 kHz. This behavior and
the oscillation frequency value, however, are typical for Er-doped fiber lasers and it was
investigated earlier in publications [21,31,32].

Figure 12 shows the resulting spectrum of the laser emission linewidth measurement
by using the self-heterodyne method [20,33]. This measurement was carried out via a radio-
frequency (RF) FSH8 Rohde and Schwarz spectrum analyzer connected with an unbalanced
Mach-Zehnder interferometer involving the 40 MHz frequency electro-optic modulator
and a 50-km-long fiber delay line. The laser was pumped at the 976 nm wavelength with a
power level of 72 mW. The shown RF spectrum has resulted of 20 times averagement of the
laser output signal during the scanning time of 374 ms. The measured RF spectrum has a
good fit with a Lorentz function and so the linewidth value was determined as about of
550 Hz at the —3 dB intensity level.
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Figure 12. Averaged RF spectrum (“1”) and fitted by the Lorentz function (“2”).

4. Discussion

For the first time, comparative studies of the random laser efficiency with a cavity
based on the artificial Rayleigh fibers in pumping modes at wavelengths of 974.5 and
1485 nm have been carried out. Initially, for the experiments, the OF cavity length was
chosen as 7 m by a balance between the FBG array reflection and erbium ion absorption.
When using a source with a wavelength of 974.5 nm in the cavity with a length of 7 m,
it leads to the appearance of lasing at a wavelength of 1548 nm at a rather low threshold
value of an injected pump power, about 7 mW. On the contrary, in the same cavity, when
it was pumped by the source with a wavelength of 1485 nm, the lasing threshold would
not be reached. In the cavity modified with a 90% FBG, the laser generation was obtained
in the pumping mode at the wavelength of 1485 nm. The slope efficiency of the modified
“random” cavity in the pumping modes at wavelengths of 974.5 and 1485 nm turned out to
be comparable: 0.33 and 0.29, respectively.

The effect of the significant (many times) increase in a laser efficiency in a “random’
cavity, modified by adding a single FBG with a reflection coefficient of 90%, has been
found. Such an effect can be explained by changing the lasing configuration from open
to half-open cavity configuration [34] that increases a length of laser’s cavity, returning
lasing power from “forward” direction to “backward” direction and finally reducing lasing
threshold. The absence of lasing at 1485 nm without 90% FBG can be explained by non-
optimal pumping conditions, because the fiber’s cutoff wavelength is 900 nm, thus, it
means that the pumping process of the active core at 1485 nm is a multimode. Once again,
it clearly demonstrates the advancement of the highly reflective FBG extension in such laser
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configurations. This FBG also functions as a highly efficient wavelength selector in the case
of heterogeneity in the length of the artificial Rayleigh fiber, as noted earlier [25].

The effect of long-time changes in the level of the output signal shown in Figure 11 is
explained by not using the polarization maintaining items to produce such a laser. It causes
problems of long-time lasing stability. Our next step will be a random laser based on the
polarization maintaining items (include a single polarization artificial Rayleigh fiber) to
prevent such problems in the future. A later optimization conversion efficiency is possible
by the optimal concentration of the erbium ions, cavity length, FBG contrast (a reflection
level of artificial Rayleigh fiber) and the wavelength of lasing (for example, 1530 nm is the
wavelength of the maximum amplification).

The investigated laser scheme operates in continuous-wave mode. Such a continuous
lasing mode is typical for random lasers [2]. The measured lasing single-frequency emission
linewidth is about 550 Hz, which fits with our previous works [20,21]. Such a result is
opposite to earlier works concerning many FBGs inscribed in the erbium doped OF [5],
where multiple modes of lasing take place. The difference explained by that cavity in our
case consists of many FBGs that totally coat OF and form a continuous reflection track
similar to the Rayleigh scattering, instead of a set of discrete FBGs (point reflectors) as
were previously used in pioneering works. Single frequency lasing is also explained by the
contribution of dynamic grating formation, which possibly support the main lasing mode
and operates as a dynamic filter—as described in our previous publications [19,20].

5. Conclusions

It has been demonstrated that an erbium-doped fiber laser with a “random” resonator
is capable of operating at room temperature in a continuous-wave mode for a long time (at
least tens of minutes), which is extremely important from the point of view of the prospects
for its use as a fiber source of high coherence optical radiation. The feature of the described
laser configurations is a high efficiency (up to 33%) with a combination of narrow linewidth
(~550 Hz) radiation.

The proposed random laser is a simple, compact, cost-effective and highly efficient
solution for many practical applications such as telecommunication and fiber-optic sensing.
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Abstract: Actively mode-locked fiber ring lasers (AMLLs) with loss modulators are used to gen-
erate approximately 100 ps pulses with 100 MHz repetition. RF detuning around the fundamental
frequency, fp, causes a loss in phase lock (unlocking) of cavity modes and partial mode locking.
Multiple RF inputs are shown, theoretically, to relock and extend the locking range of cavity modes
in a detuned partially mode-locked AMLL. A custom-built Yb**-doped AMLL with fy = 26 MHz,
and operating wavelength of 1064 nm, was used to experimentally verify the theoretical predictions.
Two RF sinusoidal signals with constant phase and equal amplitude resulted in an extension of the
range by X, = 6.4 kHz in addition to the range R, = 14.34kHz with single input for the mode
n = 10. An increase in locking range was also observed for higher modes. Pulsewidth reduction to
approximately 205 ps from about 2 ns was also observed in the AMLL.

Keywords: fiber lasers; mode locking; active mode locking; partial mode locking; laser cavity
resonators; laser mode locking; laser tuning; ring lasers; laser theory; radio frequency; detuned mode
locking; mode relocking

1. Introduction

Actively mode-locked fiber ring lasers (AMLLs) produce ultrashort pulses with high
peak powers and can be synchronized with other light sources for both advanced mi-
croscopy and spectroscopic techniques [1-5]. AMLLs have been used to generate both
radio frequency (RF) and optical pulsetrains from a laser cavity [6-8]. The versatility of
AMLLs for both electrical and ultrashort optical pulses with low maintenance and few sta-
bility issues makes them a good candidate for adoption into large systems as synchronized,
pulsed multiple laser sources.

Traditionally, pulse formation in an AMLL occurs through the process of mode locking,
where all cavity modes, around the central carrier wavelength, are phase-locked with the
RF driving signal, typically a single sinusoid. Upon detuning of the driving signal, either
due to drift in RF signal or environmental fluctuations, partial locking of the AMLL occurs.
This leads to a broadening of pulses due to lock loss of higher modes in both fundamentally
and harmonically mode-locked lasers [9-15]. When subject to a large detuning, the laser
operates in either Q-switched or amplitude-modulated regimes with pulsewidths in the
order of a few ns. This regime also has a wide range of applications, including pulse
generation in Raman lasers [12,16-19]. The current methods used to counter detuning are
by either modifying the AMLL cavity or using additional optical components. Both of these
approaches lead to undesirable changes in the quality of pulses from the laser in terms of
synchronization with the source, the pulse’s optical wavelength and repetition rate [20-24].
For a successful adoption of AMLLs as optical pulsed sources in synchronized systems, we
must develop novel methods to counter the effects of detuning.

Multiple optical injection signals have been used in semiconductor lasers, where the
system dynamics have been studied through numerical techniques [25-28]. In such systems,
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there is an improvement in the time bandwidth product, optical linewidth and timing jitter
in the laser [27]. Further, multiple injection signals have shown the occurrence of typical
Adler-type and atypical Arnold-type locking regimes [28,29]. In this article, we extend our
previous work [15,30,31], both theoretically and experimentally, to include multiple RF
signals. The use of two RF input signals is a novel method of driving a detuned fiber AMLL.
We thus demonstrate an improvement in the number of locked modes by the process
of relocking using this method for the first time in the literature. Further, we provide a
novel demonstration of improvement in the pulsewidths of the partially mode-locked laser
with two RF input signals without any additional optical components. We demonstrate
a new regime of operation for AMLLs, where, temporally, pulse bunches are produced
periodically with varying numbers of locked modes in each of the pulses.

2. Theory

Consider the AMLL with multiple loss-modulating RF inputs as shown in Figure 1a.
The experimental implementation of the AMLL with two inputs is shown in Figure 1b.
The pulse, P(f), interacts with the modulation signal, M(f), to give I(f) at the modulator.
The optical construction includes a pump (980 nm) coupled to the gain fiber (Yb) using a
wavelength division multiplexer (WDM), a circulator and a fiber Bragg grating at 1064 nm,
and a 50/50 optical coupler leading to the optical output. The two inputs considered for the
experiments are shown in Figure 1b. In this model, we consider the optical energy in the
cavity circulating with a fundamental round-trip frequency of f,. Periodic loss modulation
causes injection of energy into the nth cavity mode at a frequency nf,, in phase lock with
the input signal [30,32-34]. In an ideal mode-locked cavity with fundamental resonant
frequency, fo, the cavity modes occur at frequencies 1 fy and we have f, = f; = fo, where
fi is the detuned input frequency.

Aa;cos(2mfit)

a[6(f + fi) = 26(f) + 6(f = fi)]

R EmE R

— RF
Aa,cos(2nf,t) i == Optical !
2 = f2 H usB I
i = =LAN |
- =RS232 |

1 :
1 :
(b)

Figure 1. (a) AMLL with multiple sinusoids input at the modulator (kth signal shown). (b) AMLL is
fed with two sinusoids from the RF generator for testing the theory. The optical pulses are detected
by photodetector and analyzed using the ESA.

In our previous work, for fy = fo + Aok, where the detuning Ay, # 0, we have shown
that modes 11 < nmax are locked as they meet the cavity mode’s phase locking conditions,
with mode 1 = nmax forming the edge of the locking range. On the other hand, modes with
1 > nmax are unlocked, leading to a partially mode-locked and detuned AMLL [30]. In this
paper, we show that one can successfully recover the phase lock, i.e., relock, an unlocked
mode by using multiple sinusoidal inputs at the loss modulator. For this, we extend the
single sinusoidal input and single circulating pulse detuned AMLL model to one with
multiple sinusoidal inputs and multiple circulating pulses in the cavity.

Consider the total pulse, P(f),

P(f) =} P (f) 1)
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where r € N, and the circulating pulses P,(f) have a repetition frequency f,, given by,
P (f) :'YrZAn‘S(f*”fr) )
n

7r is the relative strength such that ), 4, = 1, A, is the amplitude of the mode n and §() is
the Dirac delta function. The detuning of this pulsetrain is Ao = fr — fo.

The AMLL has gain g, quality factor Q, central optical frequency vs, laser linewidth
v, and cold cavity resonance fc. Each Pr(f) individually satisfies the mode locking condi-
tions [35]. Following the treatment from our previous work [30], we describe the perturbed
AMLL with multiple inputs and multiple pulsetrains as

2
Z'Yr{ ch nhy — g [_Z%Aro

L

}An - ,I‘;’l/ (3)

where T, is the modulated amplitude at mode 1 and consists of interactions between the
pulses and the modulating signal. In this work, we neglect the changes in amplitude A,
and gain g in the detuned AMLL. Further, it is assumed that the detuning in the RF signal
does not deviate from the central optical frequency vs. In the next section, we shall look at
the perturbed AMLL described in (3) closely.

2.1. Interaction of Pulses in the Modulator
As shown in Figure 1a, the total input signal is

M(f) = _M;“k[‘s(f+fk) —26(f) +6(f = f)l, )

where the kth sinusoid has frequency f; and the normalized relative amplitude &y, such that
Y« &, = 1, and the modulation depth is M. The total modulating signal, I(f), is obtained
by convolving (4) with (1):
I(f) = =M} ) ae[Pr(f + fi) = 2P:(f) + P (f = fi)]- ®)
Kk T

Note the injection between adjacent modes due to the action of the sinusoidal modula-
tion. Any pairs of f; and f; are detuned from each other such that

fie = fr + D (6)

When k or r = 0, we refer to the resonant frequency fy. We introduce the slow-varying
envelope [30,36] to give

Avnil = Anil exp (]27Tt($Akr)) (7)

Using (7) in (5) with (2) and (1), we have
I f) = ZZ’l,TOtalé(f - ﬂfo), 8)
n
where, as shown in Appendix A in (A7),

Iy, Total = ZZM“k')/r< ntl — 2An + Avn—l) exp(j27ttniy). )

For each mode 1, we extract the perturbed amplitude as

Tn = ~n,T0ta1 — I, (10)
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with unperturbed amplitude as
I, = *M(An—l —2An + An+1)- (11)

2.2. Effect on Pulsetrains

To bring out the effect of coupling with multiple inputs, we separate I, as
In=Tyr + Tux, (12)

where I, x is generated by coupling between the inputs and I,, g consists of terms generated
by the same input as previously noted [30]

Ir = I Y yrlexp(j2mtni,g) — 1]. (13)

Algebraic simplification for Tn,X (see (A8)—(A12) in Appendix B) gives

Tn,X = _j4M Z Z Tk Durk Srk- (14)

rok>r

where, for any (7, k), we have generalized the definitions of g, I';, and @, as

Brk = Yrok = Yilir, (15)
A A,_ A

®, =tan"! {”H ! tan (27ttn rk)], 16

mk An+1 + An 1 2 ( )

Tk =Pk \/ A2 4 A2 42A, 1Ay cos(2mindy), (17)

A A
D, =sin (2711?27") cos <27‘(t2 + <I>n,k> (18)
A A
and S,k =exp (j27rtnrOJ2rk0) (19)

From (7), we note that, when r = k, Tn x =0.

2.3. Phase Locking Condition and Locking Limits

Now, we look at the limits to injection locking for the phase condition found from the
imaginary parts of Equations (3) and (12)

2
Y 1 Q]{(C nhoAy = I Z'yr sin(27ttnAyg) —4M Y Y TyuDypRe(Sp).  (20)
r Vs rok>r

Let us understand qualitatively some of the effects in the phase relationship being

Avo + Apo

captured by the terms in (20). The frequencies nA,y, nAyy and n , which appear in

A - . . .
the terms Iy, and Trk, have similar magnitudes. These frequencies are n times the beat

frequency, % When either the sin () or cos () terms go to zero in (20), the coupling has

no influence on the injection range, leading to a time-varying phase locking relationship
repeating with the beat frequency in time domain.

For injection locking between all frequencies r, the maximum frequencies A;g max such
that all the modes are still locked are possible when all the sinusoidal terms in (20) have
unity magnitude to maximize the LHS; i.e.,

Z Yr 2Qfc Ao maxAn = In +4M Z Z Lok (21)
Sf rok>r
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Retaining only the frequency terms in the LHS of (21), we obtain the combined
maximum locking frequency for all the inputs as

stO I, 1 AMY Y gy Tk 1
20fc (* ) ) 22

A —
;%’ 70, max A, n A, 7

Next, we look at the special case for two inputs where r = {1,2} with ', = I35 in (22)

vsfo In ) 1 ( Vs fo 4Mr,,> 1
A - a)nt = 23
71%2} YrBro,max <2ch A )n \20fc A, Jn (23)
K %,
2 2

For two inputs, we have only one cross term evident. The first term in the RHS
of (23) is the same as for perturbed AMLL applicable for single input given by R, =

I
SJ{O (n/’; ) [30]. The increase in the total injection range is due to the second term in the
C n
RHS, which arises due to coupling between the modes given by
Vs fo (4MF n )
Xn = : 24
"TQ fc \ nAy (24)

For the two RF input cases, we obtain the total range by combining R, with (24),
Ry, + X;. We can therefore see that we can recover lock loss beyond the range R, by using
additional signals. To the author’s knowledge, we are the first to demonstrate an increase
in the effective locking range of laser modes without altering the physical parameters of
the cavity. This extension of the effective locking range is as shown in (23).

3. Experiments and Results

An experiment with two sinusoidal inputs was set up to recover lock loss in higher
modes as shown in Figure 1b. A function generator (AFG3252,Tektronix) was used to
generate two RF inputs with constant phase relationship at frequencies f; = fo + Ajp and
fo = fo + App. The inputs had detuning Ajg and Ay from fy = 26.69 MHz, which were
varied between 0 £ 13 kHz with 90 steps of size 289 Hz each. The two signals were added
before feeding to the electro-optic modulator (EOM) of the AMLL. The AMLL construction
is already described in our previous work and shown in Figure 1a [30,31]. The optical
output of the laser was detected using a fast photodetector with 10 GHz bandwidth (DSC-
R402AC, Discovery Semiconductors) and fed to an electrical spectrum analyzer (ESA).
The spectrum was collected for each mode n around 7 fy, with a resolution bandwidth of
500 Hz and span of 2 MHz. The peak amplitude (A,) and frequency of the peak (f,) were
recorded for each mode. The complete operation was automated using VISA standards in
Python 2.7.

Figure 2 shows the spectra for modes n = 19 to 55, with and without a second
input. In Figure 2a-left, only one input is present with Ay = —0.87kHz, A = 4 V-pp and
«1 = 1. We can see a broad bell-shaped noise spectrum for the modes n > 25 without a
distinguishable peak, indicating that they are unlocked. In Figure 2a-right, a second input
signal with Ayg = 1.16kHz, a; = 0.5, a3 = 0.5 and A = 4 V-pp is added. Here, we see
distinct peaks in the spectrum for modes n > 25, indicating relocking in the presence of
the second input. To quantify the relocking effect of the second input, we measure the

deviation |A, | as the difference between the expected peak frequency and the measured
peak frequency, given by

Au = fo—n(w fi +a2f2). (25)
The deviation shown in Figure 2b indicates a lock loss in mode # when |A,| > 0.
For a single input, the modes 1 > 25 show unlocking. For n = {25 — 55}, |A,,| ~ 0 when
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the second signal is introduced, indicating a relocking of these modes. As a consequence
of relocking, a gain of 14dB is observed in the amplitude of the modes. We have thus
demonstrated relocking of the cavity modes of an AMLL by use of two sinusoidal signals
at the input and without altering the cavity’s physical properties.
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o = i i i i i i i i
Tl =31 75 5
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Figure 2. Comparison of two cases: single input with Ay = —0.87kHz (orange) and two inputs

with Ajg = —0.87, Ayg = 1.16 kHz (blue). (a) Spectra for modes n = 19,31 and 43. (b) Mode-wise
deviation for modes n = 19 to 55.

Next, to find the limits on relocking frequencies detunings, (A1 and Agg) were varied
by up to £13 kHz with step size df = 289 Hz, and deviation A, was recorded for modes

n = {10,30,70}. Figure 3a shows the values of |A,

the edges of the locked regions such that A,, < 10kHz, evaluated using a Laplacian filter
with a threshold 7 set heuristically for a given mode [37]. For Ajg, the maximum possible
range is Ryig + Xjo of 20.74 kHz within which relocking was successful, with the two inputs
marked with dashed lines. The single input case where a range of Ry = 14.34 kHz was
obtained for the same AMLL is also shown for comparison [30]. There is an increase
of 6.4kHz in the locking range for the 10th mode when two inputs are used. Similarly,
an increase in range R, + X;; was observed when compared to R for n = 30 and 70, as
shown in Figure 3b. To our knowledge, such an expansion of the locking range has been
demonstrated in the work presented here for the first time.
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Figure 3. (a) Deviation for mode n = 10 with two injection signals (A1g = —0.87, Ayy = 1.16 kHz).

(b) Injection ranges for modes n = 10,30,70 for single- (R, in orange) and two-input injection
(Ry; + Xj; in blue).

To look at the effect of relocking with a second input in the time domain, the time
traces (using Textronix MDO3104 oscilloscope) and pulsewidth (using sampling oscillo-
scope (Lecroy SDA 100G)) after the fast photodetector were recorded. Figure 4 shows the
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pulsewidth (full-width half-maximum) for an average of 16 pulses triggered above the
noise level. Figure 4a shows the pulsewidths for varying Ajy and with and without the
second input. For single input, the pulsewidth increases as |Ajg| increases. Upon addition
of a second input, one can observe a decrease in pulsewidth from approximately ~2 ns to
~205 ps, where the reduced pulsewidth matches the mode-locked AMLL pulsewidth for
a single input with Ajg = 0 kHz. Figure 4b shows the averaged pulse traces correspond-
ing to points (i)—(iv) in Figure 4a, where Ajg = —7, —2, —0.8 and approximately 0 kHz,
respectively. With two inputs, one can observe the reduced pulsewidth with a second RF
input with Ay = 279,359, 277 and 211 kHz corresponding to Ajg = —7, —2, —0.8 and about
0kHz, respectively. A reduction in pulsewidth is clearly visible. Note that pedestals in the
traces could arise due to the averaging of pulse traces with a distribution of pulse shapes
and widths between them, as predicted regarding the time-varying nature of the phase
locking condition between the pulses in the pulse bunches (20). We believe that this is the
first demonstration of a reduction in pulsewidth to mode-locked widths via relocking of
higher modes with the use of two signals at the RF input in a fiber AMLL.
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Figure 4. (a) Pulsewidth for different f; in the presence (blue) and absence (orange) of a second input.

The points (i)-(iv) are taken as examples to demonstrate the effect a second input has on the pulses.
(b) Pulses at points (i)—(iv) in (a) for single (orange) and two (blue) inputs. (c) ~25 pulses in the
pulsetrain for two inputs for cases (i)-(iv). (d) Pulsetrains for 11 ps for two inputs for cases (i)-(iv).

Figure 4c,d shows pulsetrains corresponding to the points (i)-(iv) with two inputs.
Varying quality in pulses for about 25 pulses in each case is shown in Figure 4c. In Figure 4d,
we have the pulsetrain for 11 ys for two inputs. We observe the occurrence of pulse bunches,
consisting of many pulses separated by time periods of 3.77,2.8 and 4.73 us corresponding
to points (i), (ii) and (iv) with the corresponding A1 + Ay = 265,355 and 211 kHz. This
is in agreement with the theory presented in the previous section, where the slower time-
varying nature in the phase condition is contained in the term D, in (20). However,
for point (iii), with A9 + Ay = 275.2kHz, the bunches themselves have a larger time
period between them, which could be due to different operating regimes of operations and
other non-linearities in the cavity.
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4. Conclusions

In this paper, multiple RF input signals in an AMLL are shown as a novel method to
extend the locking range of the cavity modes. We observe an increase in the number of
locked modes and reduction in pulsewidths. A time-varying frequency model developed
in this paper predicts locking of unlocked modes in a partially mode-locked laser when a
second RF signal is used. The non-stationary model developed here also predicts the time-
varying nature of the locking dynamics in the laser output with two inputs. Experimentally,
it is demonstrated here that two sinusoidal RF inputs extend the locking range for 10th
mode from Rjg = 14.34kHz by X;p = 6kHz. The increased number of locked modes
causes a narrowing of pulses in a partially locked laser from 2 ns to 205 ps.

Author Contributions: Conceptualization, S.K.; methodology, S.K.; software, S.K.; validation, S.K.;
formal analysis, S.K.; investigation, S.K.; resources, A.P.; data curation, S.K.; writing—original draft
preparation, S.K.; writing—review and editing, S.K. and A.P.; visualization, S.K.; supervision, A.P;
project administration, A.P,; funding acquisition, S.K. and A.P. All authors have read and agreed to
the published version of the manuscript.

Funding: S. Krishnamoorthy thanks BERI for supporting her research and providing the oppor-
tunity to be associated with the project. She also thanks IPIC, Science Foundation Ireland (SFI)
(Grant ID SFI/15/RP /2828 and SFI/22/RP-2TF/10293) and Tyndall National Institutes for providing
sustenance during the manuscript preparation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Acknowledgments: The authors thank Jayavel D., Yusuf Panbiharwala and Sathish for help with
construction of the lasers. The authors thank Satyajit Mayor and Central Imaging & Flow Cytometry
Facility (CIFF) at NCBS-TIFR, Bangalore, as well as the photonics@IITM group and Jitu lab for
facilities, and Stefan Andersson-Engles, Julie Donelly, Simon Sorensen, Baptiste Jayet, Benjamin
Lingnau, Michael Dillane, BioPhotonics@Tyndall, Aravind P. Anthur and Deepa Venkatish for useful
suggestions. The authors wish to thank the anonymous reviewers for their valuable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Derivation of I,

To observe the impact of this interaction on individual cavity mode, we recognize
that each pulsetrain, P;(f), is composed of the contribution from each cavity mode n with
amplitude A, at frequency nf;, such that one can write

Pr(f):'YrZAné(f_nfr) (A1)

where 7, is the relative strength of the pulsetrain having repetition rate f, such that
Y., v+ = 1. The total pulse in (1) can be expressed as

P(f) = Z Yr ZAn5(f_”fr) (A2)

reN n
Using (5) and (A2), we have
I(f) = - Z May, Z ’Yr{ZAM(f_”fr + fi) _22An‘5(f_”fr)+ZAn5(f_”fr —fo) |- (A3)

keN reN n

To evaluate the effect of perturbation in the system described above, we note with
indices k,r € N, the frequencies f, and f are both detuned from f such that f(; o) =

fo+ A(kor r)0 and fi = fr + Ay
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Using (A3) and regrouping the terms under a common summation in #, we have

= MY &Y ’yrz< it — 2A, +ﬁn_1)(5(f—nfr). (A4)

keN  reN n

Note that the effects of amplitude and phase change from the coupling are absorbed
in the terms A, 1 and A, 1. Now, we can represent the total modulated amplitude, I(f)
in (A4), as a sum of I, Toty] for each mode n as

f) = Lluowd(f = nfo), (A5)
where we have the perturbed amplitude
In = T Total — In, (A6)
with I, given by (11) and
Litotar = — Y, Y Mayy, exp(j2mtni,g) (gn+1 —2A,+ g71—1)- (A7)

keNreN

Appendix B. Two Input Tn,x

To simplify the expression for the cross terms, we first look at a case with only two
inputs. For two inputs, we expand I, x for r = {1,2} and k = {1,2} as

(Ao + Azo))

¥ A
I, x & —M2jsin (Zntlz) exp (jzmn 5

2

[exp (jZntA2u> T'yexp (jPu) +exp (—jZntA2u> I'vexp (—j@n)} . (A8)
where we have noted that Aj; = —A,; and,

) ) A ) A
Ipexp (jPn) = 102 €xp (]27Ttn212) Ayt + Y201 exp <—]27Ttn212) A, (A9)

Further, we note that the magnitude term I';, is real and positive, 0 < a7, 4 < 1 and
0 < 71,7 <1, which leads to the condition for cross terms as

B = 1102 = 71201 (A10)

Using (A10) with (A9), we have

r,= ,3\/ w1 T A _11t2A,-1Au41cos <27‘(tnA12> > (A11)
Next, from (A9) and (A10), we obtain the value for ®,, as

Api1— Ay A
@, = tan ' | Ll an (2 =32 Al2
n = tan {An+1+An1an nnz (A12)
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Abstract: A frequency comb generator (FCG) based on dual-cavity Brillouin random fiber lasing
oscillation in the 1.5 pm telecon spectral window is established and experimentally demonstrated. In
the half-open main cavity of the dual cavity, the stimulated Brillouin scattering in highly nonlinear
fiber (HNLF) and Rayleigh scattering in single-mode fiber are employed to provide sufficient Brillouin
gain and the randomly distributed feedback, respectively, for random mode resonance. The sub-cavity
includes an Er-doped fiber amplifier to couple back and boost lower-order Stokes and anti-Stokes
light for the cascade of stimulated Brillouin scattering to generate multiple higher-order Stokes and
anti-Stokes light. Meanwhile, efficient four-wave mixing is stimulated in the HNLF-based main
cavity, further enhancing the number and intensity of the resonant Stokes and anti-Stokes light. By
taking advantages of the unique transmission characteristics of nonlinear optical loop mirrors, the
power deviation between Stokes and anti-Stokes lines is further optimized with 17 orders of stable
Stokes lines and 15 orders of stable anti-Stokes lines achieved within the 10 dB power deviation, with
maximum optical signal-to-noise ratio (OSNR) of ~22 dB and ~17 dB and minimum OSNR of ~10 dB
and ~7.5 dB for Stokes and anti-Stokes lines, respectively. In addition, the dynamic characteristics of
the proposed FCG have been experimentally investigated. Such an FCG with fixed frequency spacing
will find promising applications in fields of optical communication, microwave, optical sensing, etc.

Keywords: frequency comb; four-wave mixing; random fiber laser; Brillouin scattering; Rayleigh
scattering; nonlinear optical loop mirror; dynamic characteristics

1. Introduction

Frequency comb generators (FCGs) based on fiber-optic lasing oscillation have re-
ceived intense attention and active research due to their promising applications in fiber-
optic communication (e.g., fiber-optic wavelength division multiplexing systems) [1], fiber-
optic sensing [2], microwave photonics [3], optical component characterization [4], optical
instrumentation testing [5], and so on. Up to now, a number of FCGs realized by fiber-
optic lasing oscillation based on different principles and structures have been proposed,
mainly including the introduction of actively modulated frequency-shifting devices in
the resonant cavity of fiber lasers [6-8] and the incorporation of the passively modulated
narrow-bandwidth multi-channel filter [9-11] or intensity-dependent loss structures [12,13]
in the resonant cavity of fiber lasers with broadband gain. However, the active modula-
tion method requires electrical devices, which will undoubtedly introduce large insertion
loss and break the all-fiber structure of FCGs. The frequency comb obtained by passive
modulation methods is heavily dependent on the fabrication accuracy of the modulating

91



Photonics 2023, 10, 296

device, making the FCG hard to generate frequency combs with narrow linewidth and
fixed frequency spacing, limiting the widespread application of FCG.

In recent years, random fiber lasers (RFLs) with randomly distributed feedback pro-
vided by Rayleigh scattering in optical fibers has received a lot of attention due to their
unique properties. It is a dramatic step up from 3D random lasers whereby the one-
dimensional waveguide constraints are provided by the optical fibers. Recently, works
on RFLs based on a variety of gain mechanisms have been gradually reported, mainly
including rare-earth-ion doped fiber amplifiers [14-17], non-linear stimulated scattering
processes in optical fibers (e.g., Brillouin and Raman gain) [18-21] and semiconductor
optical amplifiers [22-24]. In addition, the performances of RFL have been continuously
improved, such as lower threshold [25-27], higher output power [28-30], wavelength
tunability [31-33], higher coherence [18,22,34], narrower linewidth [18,22,34,35], lower
noise [36-38] and more stable output power [26,39,40], which enables a wide range of
applications for RFLs in optical measurement [41,42], microwave photonics [43,44], optical
fiber communication [45—47], optical fiber sensing [48-53], laser imaging [54,55] and other
fields [56,57]. More importantly, the fiber laser gained by the stimulated Brillouin scattering
(SBS) mechanism can achieve multi-wavelength laser output with a fixed wavelength spac-
ing thanks to the cascade of SBS and the Doppler shift provided by the acoustic-induced
dynamic grating in the optical fiber [58]. In particular, the Brillouin random fiber lasers
(BRFLs) can also achieve the narrow-linewidth multi-wavelength laser output thanks to the
narrow gain bandwidth of stimulated Brillouin scattering, which significantly enhances the
potential value of this light source for application [59]. As a result, this multi-wavelength
Brillouin random fiber laser (MW-BRFL) has attracted a great deal of attention in the gen-
eration of frequency combs and has been heavily investigated. In 2018, Liang Zhang et al.
first proposed a dual-cavity MW-BRFL, which combines a half-open resonant cavity and
a feedback cavity, and achieved a high-quality multi-wavelength laser output. Its optical
signal-to-noise ratio (OSNR), polarization state, and the number of Stokes lines were op-
timized in subsequent works by using non-uniform fiber [59], polarization-maintaining
fiber [60,61] and random fiber grating [62], respectively. However, only 14 maximum
Stokes lines were eventually achieved due to the limitation of the relatively high laser
threshold, and the anti-Stokes lines have not been fully boosted to be studied and exploited
for FCG due to the absence of an efficient excitation mechanism. Fei Wang et al. achieved
a half-open linear-cavity MW-BRFL with multiple Stokes and anti-Stokes lines through
four-wave mixing (FWM) by means of a highly nonlinear fiber (HNLF). However, the
associated laser performance has not been optimized and some of the key lasing properties
have not been explored, which are essential to characterizing the application prospects of
the generated lasing combs [5,63].

In this work, we present and experimentally investigate a dual-cavity FCG based on
Brillouin random lasing oscillation. The Brillouin gain in the resonant cavity is provided by
the HNLF with a high nonlinear coefficient (>10 W~!-km~! @1550 nm). Furthermore, the
FWM effect in the HNLF is effectively excited under phase-matching conditions, which not
only increases the number of Stokes lines but also boosts the power of the anti-Stokes lines
to make them resonate in the main cavity. In addition, the nonlinear optical loop mirror
(NOLM) with unique transmission spectrum is used to balance the resonant powers among
Stokes and anti-Stokes lines of different orders to achieve a smaller power deviation. In the
experiment, key lasing properties of the proposed FCG are investigated in detail, including
the optical spectrum, linewidth, relative intensity noise (RIN), frequency noise (FN) and
temporal characteristics.

2. Experimental Setup and Operation Principle

The experimental configuration of the proposed FCG based on Brillouin random fiber
lasing oscillation is shown in Figure 1, in which the dual-cavity structure consists of a
main cavity on the right and a sub-cavity on the left. The pump light is provided by a
semiconductor laser at the wavelength of 1550 nm with a maximum output power of
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10 dBm and a linewidth of ~15 kHz (LIGHTPROMOTECH, NLLD 0175-3-34-2). After
passing through an optical isolator (ISO), the first optical coupler (OC1), an erbium-doped
fiber amplifier (EDFA), a variable optical attenuator (VOA) and the first polarization
controller (PC1), the finely tuned pump light is launched into a 390 m long HNLF through
the first circulator (CIR1) from port 1 to port 2 in the main cavity. The ISO is used to
prevent any reflected light from returning to the pump laser to avoid possible damage.
The EDFA enables power amplification for the pump laser, and the VOA is used to finely
tune the power of the amplified pump light to investigate the pump-power-dependent
characteristics of the FCG. PC1 is used to adjust the polarization state of the pump light to
achieve maximum Brillouin gain in the 390 m long HNLFE.
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Figure 1. Experimental setup of the proposed FCG. (ISO: isolator, OC: optical coupler (OC1 and OC2:
2 x 250:50, OC3: 2 x 2 70:30), EDFA: erbium-doped fiber amplifier, VOA: variable optical attenuator,
PC: polarization controller, CIR: circulator, HNLF: highly nonlinear fiber, SMF: single-mode fiber,
NOLM: nonlinear optical loop mirror).

With the high non-linear coefficient (>10 W~!-km~! @1550 nm), the HNLF as a Bril-
louin gain medium provides sufficient gain for the random mode resonance in the main
cavity. When pump light is launched into the HNLF, the spontaneous Brillouin scattering
(SpBS) is first triggered by thermal noise and produces Stokes light propagating in the oppo-
site direction to the pump light. Due to the Doppler shift effect, this Stokes light exhibits a
frequency downshift of ~10 GHz compared to the pump light. The power of the Stokes light
generated by SpBS increases as the pump power increases. When the pump power reaches
the threshold of the SBS in the Brillouin gain medium, the Stokes light initiated by SpBS
will be significantly amplified by the SBS process. The amplified backward-propagating
Stokes light in the Brillouin gain medium passes sequentially through ports 2 and 3 of
CIR1 and is divided equally by OC2 into two beams. One beam enters the sub-cavity for
further amplification and feedback, and the other beam continues propagating in the main
cavity. In the main cavity, this part of the Stokes light then enters the 5 km single-mode
fiber (SMF) through the second CIR (CIR2) from port 1 to port 2. Due to the non-uniform
distribution of the refractive index along the fiber axis in the core of SMF, a small portion
of the Stokes light is scattered back into the main cavity by the numerous scattering cen-
ters accumulated along the SMF as randomly distributed feedback for the random mode
resonance. The constructive interference between multiply scattered Stokes light from the
scattering centers results in coherent random spikes. The random feedback provided by
the SMF for the Stokes light is eventually emitted from port 3 of CIR2 and re-enters the
Brillouin gain medium after passing through the NOLM and the portl and port2 of CIR3
to be further amplified as the seed for the SBS process. As the Stokes light is amplified
during its cyclic reciprocation in the main cavity, its power increases rapidly. When the
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effective gain provided by the SBS process in the main cavity can overcome the total loss,
the amplified Brillouin Stokes light will resonate in the main cavity and emit at the end of
the 5 km SMF as the laser output of the BRFL. Meanwhile, the other beam split by OC2,
identical to the resonant Stokes light in the main cavity, is injected into the sub-cavity, where
it is recombined with the output of the semiconductor pump laser via OC1 and input into
the EDFA at the same time. After being amplified by the EDFA, the resonant Stokes light is
re-injected into the main-cavity via CIR1 as the pump light to generate the higher-order
Stokes lights.

In the 390 m HNLF, multi-order Stokes resonant lights that satisfy the phase-matching
condition is prone to induce FWM, which can boost Stokes and anti-Stokes light power
and produce more higher-order Stokes and anti-Stokes lines. To satisfy the phase-matching
condition for FWM in HNLE, the phase mismatch factor x (x = AB + 27vP) should be made
as close to zero as possible. Here, yP is the nonlinear phase shift caused by self-phase
modulation and cross-phase modulation, 7y represents the nonlinear coefficient of fiber,
and P denotes the pump power. Therefore, yP is always greater than zero. A is the linear
phase shift caused by different propagation constants, and it is greater than zero in the
normal dispersion region, so x will be positively beyond the zero point in this dispersion
region. At the zero-dispersion wavelength, A equals zero, and « still remains greater
than zero with the positive value of yP. Only in the anomalous dispersion region, where
AB is negative, can it offset part of the positive value of P and make x closer to zero,
meeting the phase-matching condition for FWM. The zero-dispersion wavelength of the
HNLF used in this experiment is located within a narrow wavelength range near 1521 nm.
Pumping with a 1550 nm laser can satisfy the phase-matching condition for FWM. In the
formula for the phase mismatch factor, x = AB + 2yP, AB = —27c/Ag? [D (Ap — As)?]. After
substituting the parameters in the expression of x using the values in Table 1 for calculation,
we can get k = 0.00039143 m~!, which is very close to zero. It is worth noting that the
forward-propagating multi-order Stokes light amplified by the EDFA is theoretically more
susceptible to induce FWM due to its higher power than the backward-propagating Stokes
light that has just been amplified or generated by the SBS process. Consequently, the
frequency comb with multiple comb spikes and fixed frequency spacing can be efficiently
generated at both output port 1 and output port 2.

Table 1. Experimental parameters for the calculation of .

Parameter Name Value
Dispersion (D) @1550 nm 0.5753183 ps/nm-km
Pump wavelength (A,) 1550 nm
Signal wavelength (A;) @15th-Stokes 1551.14 nm
Zero-dispersion wavelength (Ag) 1521.78962 nm
Nonlinear coefficient (7y) 10 W—L.km™1
Pump power (P) 50 mW

The configuration of the NOLM is shown in the inset of Figure 1, which is constructed
by a 70:30 OC3, a PC3 and a 10 km long SMF. PC3 was used for polarization biasing of
the passing light in this loop to introduce a different phase difference. The 10 km SMF is
utilized to provide the accumulation of nonlinear phase shift for the passing light. The
transmission function of the NOLM can be written as

T=1-2a(1—a){l+cos[f+ (1 —2a)¢p]} 1

where « is the coupling ratio of the OCS3, 6 is the additional phase difference induced by
the PC3, ¢ = 2mnyP;L/ AAcg is the nonlinear phase shift, 11, is the nonlinear refractive index
coefficient of SMF, L is the length of loop, A is the operating wavelength, A is the effective
fiber core area, and P; is the input power for NOLM. Using Equation (1), the transmission
characteristics of the NOLM with 75 km and 10 km long SMF were simulated for different
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6 (6 = 0.5m, 0.6677, 7, 1.333m, 1.57, i.e., different settings of PC3) as a function of input
power, and the results are shown in Figure 2. The specific values used in the simulation are
1y =32 x 10720 m?2 /W, Agge = 50 um?, & = 0.3 and A = 1550 nm. It can be seen in Figure 2,
under specific PC3 setting, that the transmissivity of the NOLM can increase or decrease
with increasing input power. When PC3 is set at a position where the transmissivity of
the NOLM decreases as the input power, the NOLM can function as a power balancer, in
which the higher power beam will experience greater loss than the lower power beam.
According to the simulation results, the NOLM with 75 km-long delay fiber has a good
power balance performance at this power level, and this performance will deteriorate if
the delayed fiber is cut short. However, it is worth noting that the NOLM with long delay
fiber is bound to cause large losses. So, to ensure efficient laser resonance, the delay fiber
length of the NOLM in this case is set to 10 km and the corresponding simulation results of
transmission characteristics are shown in Figure 2b. In addition, the coupling coefficient
of the OC3 constituting the NOLM make an impact on the transmissivity of NOLM. As
shown in Figure 3, the dependence of transmissivity on the input power of NOLMs with
OCs of different coupling rates is analyzed. It can be seen from the figure that when the
coupling coefficient of OC is 0.3 (i.e., coupling ratio of 70:30), the rate of change of the
transmissivity of NOLM with the incident optical power is relatively large, regardless of the
phase difference introduced by PC3. It is also observed from Figure 3 that the transmissivity
of NOLM is completely insensitive to the incident optical power when the coupling rate
of OC3 is set to 0.5. This is because the NOLM has to be established by using an OC with
unequal split ratio so that the optical powers of the two light components propagating in
the opposite directions within the loop are unequal, allowing the two lights to generate
and accumulate a nonlinear phase shift difference in the delayed fiber, thus making the
transmissivity of the NOLM dependent on the incident optical power.
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Figure 2. Simulation of the transmission characteristic of NOLM as a function of input power for
different 6 with (a) 75 km long and (b) 10 km long delay fiber, respectively.
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Figure 3. Simulation of the transmission characteristic of NOLM with different coupling ratios of
OC3 as a function of input power for different 6 of (a) 0.57, (b) 0.667m, (c) 7, (d) 1.3337 and (e) 1.57
with 10 km long delay fiber.

3. Experimental Results and Analysis
3.1. Optical Spectrum

Firstly, the first-order Stokes light is resonated in the main cavity with the Brillouin
gain and the effective randomly distributed feedback when the EDFA-amplified pump
light was launched into the 390 m HNLF with above-threshold power. At the same time, a
portion of the amplified Stokes light is guided into the sub-cavity by passing through OC2,
where it is amplified by the EDFA and then sent into the main cavity as the pump light
for the generation of Stokes lines of subsequent order. The Stokes light can resonate when
the Brillouin gain in the main cavity overcomes the total roundtrip loss. As the output
power of the EDFA increases, the number of Stokes lines generated in the main cavity
gradually increases. Owing to the nature of cascaded SBS, the generated multi-order Stokes
and anti-Stokes light is bound to have a power drop as the order increases, limited by the
gain saturation of the EDFA. The cascaded SBS process will cease to generate higher-order
Stokes light when the power of newly generated highest-order Stokes light does not reach
the threshold for the SBS process to generate the next-order Stokes light.

In the experiment, the spectra of the random lasing emitted from output port 1 and out-
put port 2 of the FCG are monitored by an optical spectrum analyzer (OSA) (YOKOGAWA,
AQ6370D). With the pump laser output power of 8.65 mW and EDFA output power of
500 mW, the frequency comb with a fixed wavelength spacing of 0.076 nm were emitted at
output port 1 and output port 2, and their optical spectra are shown in Figure 4. Figure 4a
shows the spectrum of the forward-propagating frequency comb generated at the output
port 2 within a wavelength range of 12 nm, and Figure 4b shows an enlarged view of this
spectrum in a wavelength range of 2.2 nm. Up to 17 stable Stokes lines and 15 stable anti-
Stokes lines with maximum OSNR of ~22 dB and ~17 dB and minimum OSNR of ~10 dB
and ~7.5 dB were obtained within a 10 dB power deviation, respectively. Similarly, Figure 4c
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shows the spectrum of the backward-propagating frequency comb generated at the output
port 1 within a wavelength range of 12 nm, and Figure 4d shows an enlarged view of this
spectrum in a wavelength range of 2.2 nm. Comparing the spectra of the frequency comb
generated at the two output ports, it can be seen that for both Stokes and anti-Stokes lines,
the number of forward-propagating frequency comb lines measured at output port 2 is
higher than that at output port 1 within a certain power deviation. Since the measurement
of the spectrum is performed by the OSA scanning from short to long wavelength range
over a period of time, the fluctuations within the spectrum reflect the wavelength instability
of the light source to be measured. It is clear from the power fluctuations at the bottom of
the scanned spectra that the stability of the forward-propagating frequency comb shows a
higher level than that of the back-propagating frequency comb. The reason for this is that
the forward-propagating Stokes light is justly amplified by the EDFA, propagates in the
same direction as the amplified pump light and exhibits higher FWM efficiency, producing
multiple idle lights with up-frequency-shift and down-frequency-shift and thus achieving
a greater number of Stokes and anti-Stokes lines with higher stability. It is worth noting
that the power difference (<5 dB) between first-order Stokes line and first-order anti-Stokes
lines at output port 2 is significantly reduced compared to the power difference (~20 dB)
at output port 1, which presents a better power flatness of the overall frequency comb. In
addition, the minimum OSNRs of the forward-propagating and backward-propagating
frequency comb within the power deviation are ~10 dB and ~28 dB, respectively, both of
which exhibit relatively high capability of noise suppression, which is mainly due to the
suppression effect of the random resonance in the main cavity on the spontaneous radiation
generated by the EDFA. However, due to the fact that the forward-propagating Stokes and
anti-Stokes light do not undergo random resonance processes to compress the generated
noise after being amplified by the EDFA and before radiating at port 2, it thus exhibits a
deterioration in OSNR.
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Figure 4. Optical spectrum of (a) forward-propagating frequency comb in 12 nm wavelength span,
(b) forward-propagating frequency comb in 2.2 nm wavelength span, (c) backward-propagating
frequency comb in 12 nm wavelength span and (d) backward-propagating frequency comb in 2.2 nm
wavelength span.

To investigate the influence of the EDFA output power on the generated frequency
combs, the pump laser output power was set to 8.65 mW and the EDFA output power
was gradually adjusted from 150 mW to 850 mW, while the frequency combs generated
at the output port 2 and output port 1 were monitored by an OSA within a wavelength
range of 2.6 nm; the measurement results are shown in Figure 5a,b, respectively. When
the EDFA output power is 150 mW, the spectrum of frequency combs generated at output
port 2 exhibits 18 Stokes lines and 16 anti-Stokes lines, and the spectrum of frequency
combs generated at output port 1 shows 17 Stokes lines and 13 anti-Stokes lines. It is worth
noting that the power flatness and stability of the frequency combs generated at output
port 2 are significantly higher than that generated at output port 1. With increasing EDFA
output power, the number and the respective intensity of Stokes and anti-Stokes lines of
the frequency combs emitted at both output ports gradually increase, and meanwhile the
power flatness of the frequency combs gradually improves with the assistance of NOLM.
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Figure 5. Optical spectrum evolution of (a) forward-propagating and (b) backward-propagating
frequency combs in 2.6 nm wavelength span with the increase of EDFA output power from 150 mW
to 850 mW.
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In the main cavity, both the FWM of Stokes light propagating in the forward and
backward directions in the 390 m HNLF and the power balance provided by the NOLM
are utilized to enhance the performance of the frequency combs based on Brillouin random
fiber laser oscillation. Here, the performance enhancement effects of both mechanisms are
further investigated. As shown in Figure 6a, the spectra of the frequency combs emitted at
output port 2 and output port 1 with the EDFA output power of 850 mW and the pump
laser output power of 8.65 mW are compared, and there is no NOLM addition at this time.
It is obvious from the result that a larger number of Stokes and anti-Stokes lines in the
forward-propagating frequency combs are effectively excited and their power flatness is
significantly enhanced. This is because the backward-propagating Stokes light lacks the
amplification provided by the EDFA, resulting in the more severe power decrease with the
Stokes order due to the pump depletion effect. Consequently, the efficiency of FWM for
higher orders of Brillouin Stokes and anti-Stokes light is significantly limited due to the
low power of the high-order Stokes and anti-Stokes light, thus making it difficult for the
anti-Stokes light to overcome the loss in the cavity and become resonant. In addition, in the
backward direction which is opposite to the propagation direction of the pump light, only
weak Rayleigh-scattered pump light joins the FWM process in that direction, which also
limits the amplification for the backward-propagating anti-Stokes light through FWM. In
contrast, the Stokes light in the forward-propagating frequency comb is amplified by the
high-gain EDFA in the sub-cavity before it is launched into the HNLE. More importantly,
the forward-propagating Stokes light propagates in the same direction with the high-power
pump light, resulting in a much higher efficiency of the FWM than in the backward direction
and facilitating the excitation and amplification of the forward-propagating anti-Stokes
light. As shown in Figure 6b, after the NOLM was introduced into the main cavity, the
flatness of the forward-propagating frequency combs was further improved by virtue of
the unique input-power-dependent transmission characteristics of NOLM.
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Figure 6. Optical spectrum comparison between (a) forward-propagating and backward-propagating
frequency combs with EDFA output power of 900 mW; (b) forward-propagating frequency combs
with or without NOLM.

3.2. Linewidth

Linewidth is an important parameter to demonstrate the coherence of the laser beam.
To characterize the linewidth of each Stokes and anti-Stokes random radiation of the
proposed FCG, a delayed self-heterodyne (DSH) measurement device was built. First, each
order of Stokes and anti-Stokes random radiation in the generated frequency combs is
filtered by a tunable bandpass filter (Alnair, BVF-300CL-SM-FA) with a set bandwidth of
3.7 GHz. The selected Stokes/anti-Stokes light is then split into two parts by a 50:50 OC;
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one part is sent through an acousto-optic modulator (AOM) with an 80 MHz frequency
downshift, and the other part is sent into a 100 km delayed line fiber. The two parts
of the selected Stokes/anti-Stokes light with an 80 MHz frequency difference are then
recombined at another 50:50 OC and form a beat light with a central frequency of 80 MHz.
The generated beat light is detected by a photodetector (PD) (Thorlabs, PDB450) with a
bandwidth of 350 MHz, the electrical spectrum of the beat light is analyzed by an electrical
spectrum analyzer (ESA) and finally the spectral properties of selected Stokes/anti-Stokes
light in the frequency domain is characterized.

The measured electrical spectrum of the beat signal of the Stokes lines from first-order
to seventh-order is shown in Figure 7. Figure 7a shows an electrical spectrum comparison
between the beat signal of the pump light and the Stokes light, from which it can be seen
that the linewidth of the Stokes light is significantly narrowed compared to the pump light
thanks to the SBS process. The 20 dB linewidths of the pump light and the first-order to
seventh-order Stokes light were measured as 342.68, 8.687, 9.462, 8.823, 8.983, 13.475, 12.494
and 14.022 kHz, respectively. Correspondingly, the 3 dB linewidths of the pump light and
Stokes lines were obtained by dividing the 20 dB linewidth by 2 x (99)'/2, which are 17.22,
0.4365, 0.4755, 0.4434, 0.4514, 0.6771, 0.628 and 0.7046 kHz, respectively. All the measured
Stokes lines in the generated frequency combs exhibit sub-kHz linewidths, indicating
that the coherence of Stokes light is substantially enhanced as it is being resonated in the
half-open cavity.
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Figure 7. (a) DSH beating RF spectra of the pump laser and the 1st~7th order Stokes lines of the
proposed FCG for comparison; (b—h) DSH beating RF spectra of the 1st~7th order Stokes lines of the
proposed FCG, respectively.

In addition, the electrical spectra of the anti-Stokes lines from first-order to fourth-
order in the generated frequency combs have also been experimentally investigated for
the first time, and the measurement results are shown in Figure 8. The 20 dB linewidths of
the first-order to fourth-order anti-Stokes light were measured as 54.948, 72.731, 124.943
and 171.911 kHz, respectively. Correspondingly, the 3 dB linewidths of the pump light
and the first-order to fourth-order anti-Stokes lines were obtained by dividing the 20 dB
linewidth by 2 x (99)!/2, which are 2.76, 3.65, 6.28 and 8.64 kHz, respectively. From the
electrical spectrum comparison of the four orders of anti-Stokes and pump light as shown
in Figure 8a, it is clear that the linewidth of the anti-Stokes line is much smaller than that
of the pump light, mainly due to the linewidth-narrowing effect during the SBS process.
As can be seen in Figure 8f, the linewidth of the first-order anti-Stokes line is wider than
that of the first-order Stokes line, and this phenomenon is also present for Stokes and
anti-Stokes lines of other orders, which is due to the stronger dependence of the generation
of anti-Stokes light on the FWM process than that of Stokes light, making the coherence of
anti-Stokes lines slightly worse than that of Stokes lines. However, although anti-Stokes
lines exhibit slight linewidth broadening, the linewidth of kHz-level still proves that the
anti-Stokes lines generated by the proposed FCG are highly coherent, which can provide
the frequency combs required for a variety of application areas.
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Figure 8. DSH beating RF spectra of (a) the pump laser and the 1st~4th order anti-Stokes lines of the
proposed FCG for comparation; (b—e) DSH beating RF spectra of the 1st~4th order anti-Stokes lines
of the proposed FCG; (f) comparison of the 1st-order-Stokes line and the 1st-order-anti-Stokes line.

3.3. Relative Intensity Noise

The relative intensity noise (RIN) of the Stokes and anti-Stokes light of the generated
frequency combs was measured, which was achieved by first recording the random laser
emission and then calculating the power fluctuation normalized to the average power
level. Similar to the linewidth measurement, the Stokes/anti-Stokes lines of the generated
frequency combs were firstly selected using a filter with a 3.7 GHz bandwidth. In the
experiments, the RINs of the Stokes light from first order to seventh order and anti-Stokes

102



Photonics 2023, 10, 296

light from first order to fourth order were measured and compared with commercial
semiconductor lasers. Firstly, the power of the light to be measured was adjusted to the
same magnitude of 1 mW by a VOA and the output power of the commercial laser was also
set to 1 mW in order to have a fair comparison. The time domain power traces of the light
to be measured were then obtained by using a PD (Thorlabs, PDB435) with a bandwidth
of 150 MHz and recorded by an oscilloscope (TELEDY LECROY, HDO6104). After data
processing, the RIN of Stokes light for the first seven orders and anti-Stokes light for the
first four orders as well as that of the semiconductor laser were obtained, as shown in
Figure 9.

It can be seen from Figure 9 that the RIN of each selected Stokes line and the anti-
Stokes line is higher than that of the commercial semiconductor laser, especially in the
low-frequency region of <1 kHz due to the effects of transient temperature variation and
mechanical vibrations in the environment to the resonant cavity. Furthermore, the RIN
of both the Stokes and anti-Stokes lines increases with their order due to the intensity
fluctuations of the pump light as well as low-order Stokes and anti-Stokes light that are
undoubtedly transferred to the generated higher-order Stokes and anti-Stokes light during
the cascaded SBS process, resulting in higher RIN of subsequent order Stokes and anti-
Stokes lines. It is worth noting that, as shown in Figure 9b, the RIN deterioration of
anti-Stokes light with increasing order is more severe than that of Stokes light, due to the
fact that most of the anti-Stokes lines originate from unstable FWM with lower coupling
efficiency, leading to the introduction of more noise.
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Figure 9. Relative intensity noise of (a) the Stokes random emissions of the first seven orders and the

pump laser and (b) the anti-Stokes random emissions of the first four orders and the pump laser.

3.4. Frequency Noise

The frequency noise of selected Stokes and anti-Stokes lines is also investigated and
compared with the commercial semiconductor laser. The measurement setup is a 3 x 3 un-
balanced Michelson fiber interferometer. In this measurement system, a 2 km SMF was
inserted into one arm as the delay line, and two Faraday rotation mirrors (FRM) at one
side are used to reflect the light and eliminate the additional optical path difference due
to the birefringence in the fiber. The output interference signal is detected at another side
by two PDs and read by an oscilloscope. The frequency noise was then demodulated by
implementing the differential cross-multiplication algorithm on the data collected by the
two PDs at a 10 kHz measuring bandwidth [37]. Finally, the measured frequency noise
spectra are plotted as shown in Figure 10.
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From Figure 10, it is clear that the frequency noise of both Stokes and anti-Stokes light
is lower than that of commercial semiconductor lasers over the entire frequency range,
which is mainly attributed to the suppression of the frequency noise in the half-open main
cavity. Frequency noise suppression is mainly thanks to the suppression of the nominal
1/f noise from the thermal fluctuation that intrinsically exists in conventional cavity lasers
because of the long cavity length and randomly distributed feedback from the Rayleigh
scattering centers in the half-open main cavity. Furthermore, in agreement with the RIN
measurement results, the frequency noise of both Stokes and anti-Stokes lines increases
with the order number, which is caused by the transfer of noise from the pump light to the
subsequently generated Stokes and anti-Stokes light during the cascade SBS process.

3.5. Temporal Characteristics

The temporal characteristics of Stokes lines in the generated frequency combs and its
corresponding influence factors were experimentally investigated. Firstly, the pump power
input to the EDFA was fixed at 3 mW and the EDFA output power was set at 350 mW. The
temporal trace of the 1st-order Stokes lines selected by a filter with 3.7 GHz bandwidth was
recorded by a PD and digitized by an oscilloscope. Then, the output power of the EDFA is
gradually increased and the corresponding temporal trace of the 1st-order Stokes emission
is shown in Figure 11. For fairness, the power of the first-order Stokes line to be measured
generated with any EDFA output power is kept strictly at 1 mW by the VOA. From
Figure 11, it can be seen that the first-order Stokes line exhibits a quasi-continuous laser
emission when the EDFA output power is set at 350 mW. Subsequently, as the EDFA output
power is increased, the temporal trace of the first-order Stokes line progressively exhibits
more stochastic fluctuations and even sharp intensity fluctuation spikes, which are caused
by the decrease in the proportion of the pump light at the input port of the EDFA as the
proportion of Stokes and anti-Stokes light in the sub-cavity continues growing, absorbing
most of the amplification provided by the EDFA and leading to a distinct reduction in the
pump power amplification and a deteriorated SBS efficiency. When the output power of
the EDFA reaches 450 mW), the first-order Stokes light exhibits severe stochastic intensity
fluctuations, which indicates that the emission is only weakly resonated at this time.

In addition, in order to further demonstrate that the above-mentioned deterioration
in the quality of the first-order Stokes light due to the decrease in the proportion of pump
light in the EDFA input light, the relationship between the pump power and the state of
the temporal trace of the first-order Stokes light has also been investigated and the results
are shown in Figure 12. Firstly, the output power of the EDFA is set at 450 mW and the
pump power is set at 3 mW, in which case the temporal trace of the first-order Stokes line
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exhibits severe stochastic intensity fluctuations as shown in Figure 12a. Subsequently, by
gradually increasing the pump power from 3 mW to 5 mW, the time-domain intensity trace
of the first-order Stokes line progressively stabilizes and the spikes of stochastic intensity
fluctuation gradually decrease until they disappear, as shown in Figure 12a—e.
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Figure 11. Temporal traces of 1st-order Stokes light in generated frequency combs at the EDFA output
power of (a) 350 mW, (b) 375 mW, (c) 400 mW, (d) 425 mW and (e) 450 mW, and at the pump power
of 3 mW.
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The above experiment shows that the generation of frequency combs in the dual-cavity
Brillouin random oscillation device requires attention to the adjustment of the ratio of the
power of the pump light to the power of the feedback light in the sub-cavity, in order
to achieve more Stokes lines for the generated frequency combs and better stability and
coherence of each order of Stokes light.

The noise of different-order Stokes and anti-Stokes lines of the generated frequency
combs has been investigated above, revealing the noise transfer characteristics present in
this Brillouin-scattering-based FCG. Therefore, in order to further investigate the dynamic
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properties of the Stokes and anti-Stokes lines of different orders, the temporal traces of
different-order Stokes and anti-Stokes lines were studied in detail. Figures 13 and 14 show
the temporal traces of Stokes light of order one to seven and anti-Stokes light of order one
to four filtered out by using a filter with 3.7 GHz bandwidth at the pump power of 8.65 mW

and EDFA output power of 500 mW, respectively.
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light in generated FCG.
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Figure 14. (a-1-d-1) Temporal trace and (a-2-d-2) intensity distribution of 1st-order~4th-order anti-
Stokes lines in the proposed FCG.

As can be seen in Figure 13, the temporal trace of the first-order Stokes line in the
FCG is very stable, and there are hardly any intensity fluctuations in the time domain.
However, the intensity fluctuations of the Stokes light appear and are gradually exacerbated
as the order increases, which is consistent with the experimental results of the noise
measurements. At the same time, the initial symmetric Gaussian distribution of the Stokes
light temporal intensity trace becomes gradually asymmetric and eventually evolves to
an approximate gamma distribution as the order increases. In fact, the main reason for
the deterioration of the laser quality of higher-order Stokes light is none other than the
transfer and accumulation of noise in the SBS process among different orders of Stokes
and anti-Stokes lines and the extra noise introduction in the sub-cavity. In addition, with
the introduction and accumulation of noise, the stability as well as the coherence of the
higher-order Stokes light are reduced, making the Stokes light generated by the SBS process
at this order more difficult to be resonated in the main cavity, which further deteriorates
the coherence of the Stokes light at the next higher order. Thus, the time-domain intensity
distribution of these Stokes lines has low stability, and coherence is similar to that of the
Stokes light produced in the non-resonant SBS process. Moreover, a similar phenomenon is
observed for the anti-Stokes lights of order one to four as illustrated in Figure 14, and the
overdependence of the anti-Stokes lines on the parametric gain of the FWM leads to a faster
stability deterioration of its temporal trace with order increase than that of the Stokes lines.

In summary, the data analysis shows that the laser quality of each order of Stokes and
anti-Stokes light is different in the frequency combs generated by the proposed FCG based
on SBS and FWM processes, and the laser quality will deteriorate with the order of SBS
process, which is an issue worth being noted and resolved in future work.
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4. Discussion

For laser-based frequency comb generators, the number, OSNR, power derivation
of tooth and the stability and coherence of each tooth are critical. MW-BRFL with nar-
row bandwidth, inhomogeneity, high gain coefficient and efficient linewidth suppression
characteristics of Brillouin gain and noise suppression capability of random distributed
feedback provided by Rayleigh scattering can achieve narrow linewidth, low noise and
relatively stable multi-wavelength laser output. In the recently published work, several
typical MW-BRFLs have been implemented and characterized. In reference [59], the first
MW-BRFL with a dual-cavity structure was proposed, where a 25 km SMF and a 5 km
non-uniform fiber were used to provide Brillouin gain and random distributed feedback,
respectively. Due to the low gain coefficient of the SMF and the limitation of the EDFA
output power, multi-wavelength laser output with only six orders of Stokes lines was
finally achieved. Subsequently, to enhance the stability of multi-wavelength laser output, a
dual-cavity MW-BRFL based on a polarization-maintaining fiber was proposed to suppress
noise and stabilize laser output by eliminating random changes in the polarization state
of light in the resonant cavity [60,61]. In addition, another MW-BRFL based on random
fiber grating is proposed. With the strong Rayleigh scattering effect in the centimeter-long
random fiber grating, the number of generated Stokes lines in the laser output is raised
to 14, while ensuring low noise and stability of the laser output [62]. However, the multi-
wavelength laser output achieved by these efforts is bound to be bottlenecked by gain and
pump power limitations, regardless of the method used to boost the number of Stokes
lines. In this work, the introduction of the FWM effect in the fiber allows the anti-Stokes
light, which has always been buried in the bottom noise, to be enabled and amplified,
which undoubtedly increases the number of lasing lines in the laser output exponentially,
without the need for excessive pump power. This allows this experiment to achieve a stable
laser output with 17 orders of Stokes lines and 15 orders of anti-Stokes lines. Although
the FWM effect in optical fibers is common, the present work provides an unprecedented
and significant study on the properties of resonant anti-Stokes lines in MW-BRFL based on
this effect.

It is worth noting that this experiment has proposed a novel MW-BRFL while there
are still some points to be optimized. These include the enhancement of the Stokes line
flatness, the laser output power, the number of Stokes/anti-Stokes lines, and the stabil-
ity and linewidth of each order of Stokes/anti-Stokes lines. The improvement for line
flatness can be achieved by optimizing the power-averaging capability of the NOLM by
better balancing the relationship between its rate of transmissivity variation with incident
optical power and the additional losses it introduces. The output power of the laser and
the number of generated resonant lines can be achieved by the use of high-gain EDFA
and higher-nonlinearity HNLEF, in addition to optimizing the system structure and reduc-
ing intracavity losses. The optimization of the linewidth and stability of each order of
Stokes/anti-Stokes lines needs to filter out the redundant random resonant modes within
the Brillouin gain bandwidth by using a narrow-bandwidth optical fiber filter to compress
the mode competition and multi-mode resonance.

5. Conclusions

In conclusion, a frequency comb generator was experimentally demonstrated based on
the dual-cavity Brillouin random oscillator including a main cavity and a sub-cavity. The
half-open main cavity incorporates a section of HNLF with a high nonlinearity coefficient
(>10 W~ L.km~! @1550 nm) as Brillouin gain fiber, Rayleigh scattering fiber to provide
random distributed feedback and the NOLM as a power balancer to obtain the Brillouin
random resonance. The sub-cavity includes an EDFA to boost and couple back the low-
order Stokes light for the cascade SBS process. Furthermore, the FWM effect in the HNLF is
effectively excited under phase-matching conditions, which not only increases the number
of frequency combs but also boosts the power of the multi-order Stokes and anti-Stokes
light. The NOLM with its unique transmission spectrum is used to balance the power
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between the different orders of Stokes and anti-Stokes light to achieve a smaller power
difference. Eventually, 17 orders of stable Stokes lines and 15 orders of stable anti-Stokes
lines within a 10 dB power deviation were obtained with the minimum OSNR of ~10 dB
and ~7.5 dB, respectively. In addition, the characteristics of FCG have been experimentally
investigated. Both Stokes and anti-Stokes light exhibit the linewidths on the order of kHz or
even sub-kHz and an inter-peak spacing of 0.076 nm. As the order of Stokes and anti-Stokes
light increases, both RIN and frequency noise gradually accumulate, showing a tendency to
become progressively more severe. Importantly, the properties of the anti-Stokes line in the
generated frequency comb were studied for the first time. Experiments have demonstrated
that the regulation of the power ratio of the pump light to the sub-cavity feedback light
during the generation of the frequency combs deserves attention. Such an FCG with fixed
frequency spacing will find promising applications in fields of optical communications,
microwaves, optical sensing, etc.
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Abstract: As a function of a circular polarization beam splitter (CPBS), combining a linear polarization
beam splitter with a quarter-wave plate results in a polarization error in a circular polarization fiber-
optic circuit. To relieve the error, chiral dual-core photonic crystal fiber (DC-PCF) is investigated as
a kind of an efficient circular polarization beam splitter by using the chiral plane-wave expansion
(PWE) method. On the basis of the competitive effect in polarization and coupling length between
the circular asymmetry of the structure and the chirality of the medium, the effects of the structure
and the chirality are analyzed. The numerical results demonstrate that a CPBS needs the weak
circular asymmetry in its structure and a relatively stronger chirality of the medium. Then, a kind
of CPBS based on chiral DC-PCF is designed with weaker chirality, with a central wavelength
of 1.55 pum. The simulation shows the superior performance of having a shorter coupling length
and a higher extinction ratio. Furthermore, the dual-wavelength of 1.55 pym and 1.30 um with
left-circular polarization can further be separated by the corresponding chiral DC-PCFE. The results
show promising applications for the circular polarized multiplexer/demultiplexer in fiber laser
communication systems.

Keywords: chiral photonic crystal fiber; circular polarization beam splitter; fiber-optical element

1. Introduction

Dual-core photonic crystal fiber (DC-PCF), as a kind of beam splitter that can split
beams with different polarizations or wavelengths, has gradually attracted more and
more attention thanks to the composition of its having only one material and its unusual
properties, such as tailored coupling length (CL), spectral bandwidth and extinction ratio
(ER) [1-5], and it can be applied in circuits for fiber laser communication, optical integration
and sensing. According to the polarization states of light, the devices can be classified
into linearly polarized beam splitters (LPBSs) and circularly polarized beam splitters
(CPBSs), which can respectively separate the orthogonally linearly [1-5] and oppositely
circularly polarized light [6]. Generally, the LPBSs can be realized by introducing orthogonal
asymmetry, named circular asymmetry (geometric anisotropy or distribution of materials),
into a cross section of the fiber, such as the air hole’s or core’s position [1-3], size [2-8],
shape [9,10] or holes filled with some liquid or multiple materials [4,11-16], and applied in
the linearly polarized system to suppress the polarization error or noise [17,18]. Because of
the inherent defects, such as the polarization axis’s imperfectly aligning during welding
and stress caused by extrusion or stretching in practical applications, the polarization error
and noise would inevitably occur [17,18]. Research results demonstrate that polarization
error and noise can be suppressed, even eliminated, by using a circularly polarized optical
fiber system [19-21], since the circular birefringence can suppress the linear one in spun
optical fiber for higher spun rates [22]. However, the polarization axis’s imperfectly
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aligning still remains owing to the use of all-fiber quarter-wave plates and LPBSs as
all-fiber CPBSs [19-21]. In fact, in the process of producing circularly polarized light, the
quarter-wave plates can also introduce the error because of the imperfect interception;
however, the CPBS can split the linearly polarized (LP) light to right-handed circularly
polarized (RCP) and left-handed circularly polarized (LCP) ones without any additional
devices or procedures because the LP light can be viewed as a combination of RCP and
LCP ones. Thus, it is necessary to study all-fiber CPBSs formed by the circular polarization—
maintaining fibers.

In general, the circular polarization-maintaining fibers can employ chiral
structures [6,22-26] or chiral mediums [27-31] that have axial rotation (twisted or spi-
ral) and/or optical activity [22,23,30,31], namely structurally and dielectrically chiral fiber,
where the operation wavelength is far less and much larger than the chiral object in size.
The former, which has the helically twisted or spun structure, forms a kind of chiral fiber
or chiral fiber grating because of the different twist angle [22-26], which can support one
or two-paired circularly polarized modes. Theoretical research results demonstrate that
the twisted DC-PCF can be viewed as an all-fiber CPBS, whereas fabricated technology for
undergoing symmetric distortions in twisting and drawing poses a challenge [6]. For the
latter, theoretical studies have demonstrated that they can support the circularly polarized
modes with single- and multicore [27-31], in which a left-handed polarization beam can be
leaked by single-polarization single-mode fiber that can be the manufactured as an ordinary
PCF [28]. Recently, as a kind of CPBS, the dielectrically chiral DC-PCF can separate the
oppositely circularly polarized light with stronger chirality strength [32]; however, its
coupling length is very long. Therefore, in this paper, we will focus on the dielectrically
chiral DC-PCF CPBS to optimize its structural parameters for short CL and decrease the
dependence on the chirality of the medium.

In this paper, as a kind of CPBS, the dielectrically chiral DC-PCF is first considered with
a shorter distance between the two cores. Given the application in practice, the operation
wavelengths are selected as 1.55 pm and 1.30 um, which are easy to be emitted by lasers,
such as a quantum dot laser, a fiber laser, a superluminescent diode laser, and so on [33-38],
and the fiber can achieve propagation with zero dispersion or near-zero dispersion for the
two band [39-41]. Using the chiral plane-wave expansion (PWE) method [27], the effects
of the circular asymmetry of the structure and the chirality of the medium are analyzed.
From the competition between the circular asymmetry of structure and the chirality of the
medium in polarization and CL, a shorter PCF CPBS with a weaker chirality is obtained
by optimizing the geometry parameters. Then, as a kind of multiplexer/demultiplexer for
circularly polarized (CP) beams is discussed, and the numerical results show that it can
split beams at the dual-wavelengths of 1.55 pum and 1.30 pm that are widely used in fiber
laser communication systems.

2. Model and Analysis

In order to obtain the shorter CL, having strong coupling between cores is necessary [1].
Hence, the chiral DC-PCF with a shorter distance between the two cores is considered, as
shown in Figure 1, where the two defects (A and B) denote the dual cores; their distance
is 2A, and A and d, respectively, represent the lattice constant and diameter in the air
holes. The darker part is annotated as the chiral medium, and the white holes are the air
ones. The tailored holes of the diameter of are, respectively, D1 and D2, which can deter-
mine the modal linearly birefringence of the fiber to tailor the CL and the corresponding
polarization states.
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Figure 1. The schematic diagram of a chiral DC-PCF.

Generally, the fiber has high birefringence when D1/d and D2/d are larger/less than
unity; the higher the birefringence, the shorter the CLs. Additionally, when D1/d =1 and
D2/d =1, the fiber is identical to a conventional DC-PCF, which has slight birefringence
because of the asymmetry of the structure. To reduce the dependence on the chirality of
the medium, the birefringence should not be too large, because of the competitive effect
between the asymmetry of the structure and the chirality of the medium in polarization
and CL [32].

The Drude-Born—-Fedorov’s constitutive relations for the chiral medium, which are
employed with D = gy¢,(E + ¢V X E) and B = you,(H + ¢V x H), are chosen [28]. ¢
represents the chirality strength characterized by its specific rotatory power J of the medium
through 6 = —k?n?, where k and 7, respectively, denote the wavenumber in a vacuum and
the average refractive index of the medium. Hence, the air can be viewed as a chiral
medium with ¢ = 0 (achiral medium).

The coupling characteristics of a chiral DC-PCF are investigated through the chiral
plane-wave expansion (PWE) method [27]

B2 AnnHS + BY BuhHY + Y ChnHS = 1)
n,u n,n n,n

Because polymethyl methacrylate (PMMA) can be doped with a chiral medium or
synthesized with a chiral copolymer polymer used to draw polymer PCF [42-44], PMMA-
doped griseofulvin is chosen as the chiral background of the DC-PCF in the simulation [44],
where the chirality can be introduced by griseofulvin with the solution-doping tech-
nique [43]. Further, more dilute dopant hardly affects the material dispersion of PMMA, so
the formula of material dispersion can be described by the pure PMMA:

3
n?—1=Y AA*/(A*—12) )
i=1

where A1 =0.4963, [; =71.8 nm, A, =0.6965, [, =117.4 nm, A3 = 0.3223 and I3 = 9237 nm [42].
The optical rotatory dispersion could be expressed by the empirical Boltzmann formula:
b0 = B1/A? + By/A*, where By = 1.46 x 10*°:nm*/mm and B, = 1.82 x 10'°°.nm*/mm
are employed [44]. In this paper, the interesting wavelength is fixed at 1.55 um, and the
corresponding specific rotatory power is §p = 0.0092° /mm.

The normalized third Stokes parameter S with weighted intensity is selected for the
chiral single-core PCFs [28,29]:

53 = fjcore S3|Et|2ds/ffcore |Et|2d5 ®)

S3 ranges from —1 to +1, where negative and positive signs, respectively, indicate
right-handed polarized (RHP) and left-handed polarized (LHP) states. The | S3 | closer
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to unity means purer right-/left-handed CP (RCP/LCP) ones, and S; = 0 represents the
linearly polarized (LP) one. To ensure that the modes are CP, for convenience, the value of
S3 corresponding to the CL is defined as:

S = (S30i +530)/2 i=71,l 4)

where r and [, respectively, mean RHP and LHP modes and S3,; and S3,;, respectively,
denote the polarization states of the even and odd i-modes. The S| for the traditionally
circular polarization-maintaining fiber approximately equals to 0.96; thus, the case of
S| >0.96 is viewed as a purer CP state, in this paper [26].

The CL with i-modes of chiral DC-FCF is defined as [6,32]

T _ A
ﬁei_ﬁoi‘ 2’nei_noi|

where B,;, B,i and n,;, n,;, respectively, indicate the paired propagation constants and the
corresponding effective indices of the even and odd i-modes. A is the working wavelength
of light in a vacuum.

Because the length of the coupler is short, the transmission loss can be ignored. Ac-
cording to the coupling equation, when a fundamental i-mode power P,; j, is inputted
into core A, after propagating a distance L, the output powers Py; ,,; in the output port A;
thus, normalized output powers Py; can be calculated as follows [6,32]:

PA' L
PAi = l'_O{“t = COSZ (2L0> (6)

Lei = | 5)

In order to completely split the RHP and LHP light, the total physical length L of the
PBS must satisfy the sufficient condition L = mLc, = nL¢;, where L¢, and Ly, respectively,
represent the CLs for the RHP and LHP modes and where m and # are positive integers
with opposite parity. Therefore, the coupling length ratio (CLR) is defined as follows [6,32]:

LCr n
CIR= — = — 7
Lo m @)
From the above analysis, it is important to obtain an appropriate CLR. The extinction
ratio (ER) characterizes the split ability of light for opposite handedness at the identical
output port when both the RCP and LCP beams have the same power incidence to the
identical input port [6,32], and it is defined as

ER :‘101gpm (8)

Py

where P4, and Py; are, respectively, the normalized output powers for RHP and LHP
light in the identical output port. The larger the value of |ER |, the more thorough the
split ability for RHP and LHP light and the better performance of the PBS. The |ER| =0
indicates that they cannot be separated at all, because the output powers at the identical
output port for the two polarized light are the same.

3. Simulation and Discussion

Generally, the lattice constant determines the spacing between the two cores and plays
an essential role in the coupling effect. Thus, the effects of the lattice constant are first
investigated, as shown in Figure 2, in which d, D2/d and 6 are employed as 0.4A, 1 and
10006y, respectively, and D1/d are, respectively, chosen as 1.4, 1.5 and 1.6. In the figure, the
same color denotes the characteristics for the fiber with an identical D1/d, in which the
solid and dotted lines respectively indicate the RHP and LHP modes.

116



Photonics 2023, 10, 45

30 1

== Dl/d=14 —— Dl/d=14
=== Dld=1.5 L7} — Dl/a=1.5
=== Dl/d~1.6 — Dl/d=1.6

Bl — Dlld-
H . L5 s Dl/d=1.4
3 3 0 === Dl/d~1.5
o] o)
=== Dl/d=1.6
13
= L1 B Tm-silzzziizg
2 3 4 2 3 4 3
A(um) A(um) - A(u?n) N
(a) (b) (c)

Figure 2. The variation relations of CLs (a), CLRs (b) and Ss (c) with A.

It is clear that all the CLs lengthen with an increase in the A (as reference [32]), in which
the CL of r-modes is longer than that of the I-modes for the paired CLs owing to the right
chirality of the medium, and all their differences first increase and then decrease. In the
region of the small A, the paired CLs lengthen and the difference enlarges with an increase
in D1/d or A thanks to the effect of the (orthogonal) asymmetry. As A increases, the CLs
lengthen, which is caused by the larger space between the two cores, and because of the
circular asymmetry of the cross section, the difference further enlarges. Additionally, with a
further increase in A, all the mode fields would be localized in the core area where the effect
of the orthogonal asymmetry reduces; the effect of chirality effect relatively strengthens; and
the paired CLs and their difference lessens, in which the paired CLs decrease and increase
for r- and I-modes, respectively. As shown in Figure 2b, the corresponding CLRs first
increase and then decrease, in which the maximum values of 1.341, 1.538 and 1.612 emerge
at A=4.0um, A =33 um and A = 3.0 um for D1/d = 1.4, D1/d = 1.5 and D1/d = 1.6,
respectively. A comparison of Figure 2b,c shows that the corresponding S can be obtained
with 0.9166/—-0.9161, 0.7393/—0.7385 and 0.5726/—0.5719, which means that the larger
circular asymmetry of the structure introduced by the larger D1/d leads to a reduction
in the paired |S| and an increase in their difference, whereas the paired CLs relatively
shorten for the larger D1/d.

In addition, the | S| rise with an increase in the A or a decrease in the D1/d. This
demonstrates that the realization of CPBS requires increasing the chirality of the medium or
decreasing the circular asymmetry of the structure to find a moderate value, such as D1/d =
1.4, where L¢, = 28.30 mm and L¢; = 21.10 mm, in this case, such that the corresponding
CLR can approach to 4/3 by further increasing A or § and ensure that |S| > 0.96, and the
corresponding whole length of the PBS may be 80 mm or longer. Thus, its length would
be longer than the ordinary LPBS unless there is a medium with stronger chirality and a
larger circular asymmetry in its structure, such as the larger D1/d.

Because the closer the core spacing is, the shorter the CL is and the weaker the effect
of chirality [32], a smaller lattice constant with A =2.0 um and stronger chirality with
6 = 50000 are considered, as shown in Figure 3, in which the relations of CLs (a), CLRs (b)
and Ss (c) with D1/d are exhibited, where d is 0.4A and D2/d are, respectively, chosen as 1,
1.4 and 1.6. The same color denotes the fiber with identical D2/d, in which the solid and
dotted lines respectively indicate the #- and I-modes.

All the paired CLs lengthen with an increase in the D1/d and a decrease in the D2/d,
and their tendencies are the same, in which the CL of the r-modes is longer than that of
the corresponding [-modes (see Figure 2a); the paired CLs first bifurcate slowly thanks to
the smaller circular asymmetry of the structure (D1/d < 1.2), and then, with an increase
in the circular asymmetry of the structure (D1/d > 1.2), the bifurcations rapidly enlarge
and decrease after they have reached the maximum. As shown in Figure 3b, the CLRs first
slowly rise in the range of D1/d < 1.2, then increase rapidly within 1.2 < D1/d < 1.6 and
decrease in the case of 1.75 < D1/d.
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Figure 3. The variation relations of CLs (a), CLRs (b) and Ss (c) with D1/d.

0.2

From Figure 3¢, one can see that all the | S| always lessens with an increase in D1/d,
except in the case of D1/d =1, in which |S| =1 at D1/d =1 indicates the weakest circular
asymmetry of the structure, and whether D1/d > 1 or D1/d < 1, the value of D1/d away
from unity means that the circular asymmetry of the structure strengthens. Thus, all the
CLRs are close to unity and the corresponding | S| approaches unity at D1/d < 1.2, which
indicates that the CPBS can be realized and its physical length would be very long and that
the other region needs a stronger chirality for the medium. For example, the maximum
values of CLR with 1.236, 1.362 and 1.376 for D2/d =1,D2/d =1.4 and D2/d = 1.6 occur
at D1/d =~ 1.80, D1/d ~ 1.75 and D1/d ~ 1.75, so by comparing them to Figure 3c, the S
approximately equals to 0.6661/ —0.6670, 0.4276/—0.4250 and 0.3911/ —0.3886, respectively.
This demonstrates that the CPBS can be designed by reducing D1/d and D2/d or increasing
A and 6. Meanwhile, this suggests that the designed CPBS needs the value of CLR on the
left of the maximum value because its | S| is closer to unity.

Figure 4 shows the effect of D2/d on CLs (a), CLRs (b) and Ss (c), where A, D1/d and
¢ are chosen as 2 um, 1.4 and 50000, respectively, and d/ A are 0.4, 0.42 and 0.44. The same
color describes the fiber with an identical d/A and the solid and dotted lines respectively
indicate the - and [-modes.
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Figure 4. The variation relations of CLs (a), CLRs (b) and Ss (c) with D2/d.

All the paired CLs shorten with an increase in D2/d or d/A thanks to the circular
asymmetry of the structure, and their difference rises, whereas the corresponding CLR
increases, as shown in Figure 4a,b. The larger air filling rate would distribute more light
into the air holes, which decreases the effective indices and their differences in the paired
modes; whereas the light localized in the core area can be concentrated in the center of the
core, the circular asymmetry of structure is strengthening thanks to the introduction of the
tailoring holes, and with an increase in D2/d, the circular asymmetry can further increase;
hence, the paired CLs lessen and the CLR rises. This offers a way to reduce the length of
the CL and ensure the value of CLR far away from unity to decrease the physical length
of the PBS. However, this conflicts with the circular polarization-maintaining property, as
shown in Figure 4c, in that with an increase in D2/d or d/ A, all the | S| are decreasing.
The cause is a decrease in the chirality filling rate, as well as the strengthening circular
asymmetry of the structure. This demonstrates that designing CPBSs requires increasing
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the chiral filling rate and decreasing the value of D2/d as it approaches unity, which can
ensure that the CLR equals 11/10, 12/11 or some other value close to unity for positive
integers with opposite parity to reduce the dependence on the chirality of the medium.

For the case of d/A= 0.44 at D2/d = 0.80 and D2/d = 0.85, the CLs for the r-/I-
modes are 1.632 mm/1.497 mm and 1.602 mm/1.438 mm; the corresponding CLRs are
1.090 and 1.114 close to 11/10 and 12/11; and the S are, respectively, 0.9222/—-0.9226 and
0.8866/—0.8864. For the case of d/A = 0.42 around CLR = 11/10 and CLR = 12/11; the
values of CLR are equal to 1.102 and 1.116 at D2/d = 1.00 and D2/d = 1.05, the paired CLs are
1.197 mm/1.087 mm and 1.174 mm/1.051 mm with CLR = 1.102 and CLR = 1.117; and the
S are 0.8475/—0.8465 and 0.8116/—0.8099, respectively. Additionally, when d/A = 0.40,
the paired CLs are 0.8550 mm/0.7751 mm and 0.8382 mm/0.7535 mm for D2/d = 1.15 and
D2/d =1.25, and the S are equal to 0.7912/—0.7892 and 0.7282/ —7255.

According to the above analysis, the DC-PCF CPBS may be realized with CLR =11/10
and CLR =12/11 by increasing the chirality of the medium or tailoring the structural param-
eters to reduce the circular asymmetry of the structure. Furthermore, around CLR = 11/10
and CLR =12/11, to reduce the dependence on the chirality, the CPBS can be easily realized
with a larger d/A, although its filling rate for chirality is smaller; however, its practical
length would be long. For the other value of CLR closer to unity, the required chirality
of the medium would be weaker, and the length of the CPBS must be longer. The shorter
length of the CPBS can be designed with CLR far away from unity unless the chirality of
the medium is strong enough.

Figure 5 shows the effect of the filling rate of air (d/A), where a larger A = 2.5 pm and
6 =50000( are employed to increase the chirality effect, and D1/d and D2/d are, respectively,
the same, at 1.4, 1.5 and 1.6.
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Figure 5. The variation relations of CLs (a), CLRs (b) and Ss (c) with d/A.

In Figure 5a, all the paired CLs have the same variation tendencies, except in the case
of D1/d = D2/d = 1.4, thanks to the limitation of the filling rate of air, in which the paired
CLs and its differences always rise, and for the other cases, the two-paired CLs and the
differences between the paired CLs first increase and then decrease. This is because the
larger air holes squeeze the light into the core area to reduce the coupling of the paired
modes between the two cores, and the introduction of the tailored holes further enlarges
the difference between the paired CLs. By further increasing d/ A, more light is localized
into the core area to further enhance the effect of the tailored holes, such as in Figures 3a
and 4a; the differences reduce, as exhibited in Figure 5b; and the lines of the CLRs first rise
and then decline.

In addition, with an increase in d/A, D1/d or D2/d, all the |S| decrease thanks to
a reduction in the filling rate of chirality, as shown in Figure 5c. This indicates that the
reduction in the circular asymmetry (smaller D1/d or D2/d) or the filling rate of air would
increase the chirality effect. Atd/A =0.36, the CLs are, respectively, 1.215 mm/1.154 mm,
1.519 mm/1.378 mm and 1.885 mm/1.597 mm for the paired r-/I-modes; for D1/d = D2/d =14,
D1/d=D2/d=15and D1/d =D2/d = 1.6, the CLRs are, respectively, 1.053, 1.103 and 1.181;
and the Ss are, respectively, 0.8968/—0.8950, 0.8405/ —0.8382 and 0.7770/—7745. To reduce
the dependence on the chirality of the medium, the DC-PCF can be chosen as a CPBS in the
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case of D1/d = D2/d = 1.4, where the CLR can be designed with 21/20 or with the other
values of an integer ratio closer to unity with opposite parity, by further increasing the
chirality of the medium or optimizing the structural parameters.

Figure 6 shows the effect of all the tailored holes with the same size, in which the
larger A is chosen as 2.5 pm, 3 pm and 3.5 pm to reduce the dependence on the chirality of
the medium, and 4 and ¢ are chosen as 0.4A and 50006, respectively.
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Figure 6. The variation relations of CLs (a), CLRs (b) and Ss (¢) with D1/d and D2/d.

All the paired CLs and their differences lengthen and then shorten with an increase
in D1/d and D2/d, and their maximum values reduce and move to the right with a de-
crease in A. Although the maximum differences for the paired CLs decrease, their ratio
increases, as shown in Figure 6b, where they are almost equal at D1/d < 1.5 and D2/d < 1.5,
in which they are nearly equal to unity at D1/d < 1.2 and D2/d < 1.2. This suggests that
the design of the DC-PCF for the CPBS have to satisfy the conditions of D1/d > 1.2 and
D2/d > 1.2; otherwise, the CPBS would be long. When the CLRs with maximum values
of 1.471, 1.413 and 1.298 respectively occur at (D1/d=)D2/d =1.7, (D1/d=)D2/d = 1.6 and
(D1/d=)D2/d =1.55 for A =2.5 um, A =3 pm and A = 3.5 um, the CLs are, respectively,
2.606 mm/2.147 mm, 7.490 mm/5.300 mm and 12.632 mm/9.728 mm and the correspond-
ing Ss are 0.7810/—0.7775, 0.8715/—0.8687 and 0.9382/0.9364, respectively, in which the
third case can be viewed as a nearly CP PBS. This indicates that the CPBS can be manufac-
tured by only optimizing the asymmetry of the structure, strengthening the chirality of the
medium or increasing the lattice constant, whereas the practical length of the CPBS would
be relatively longer.

In Figure 6¢, the values of |S| are larger than 0.96, which respectively emerged at
(D1/d=)D2/d =1.2,(D1/d=)D2/d = 1.3 and (D1/d=)D2/d = 1.42, and the corresponding
CLRs are, respectively, smaller at 1.026, 1.058 and 1.191, which means that the CLR can
be designed for the third case with 6/5 or 7/6 for a stronger chirality effect, and for two
other cases, it should have other values closer to unity for an integer ratio with an opposite
parity. In conclusion, the larger A can increase the chirality effect and reduce the chirality
of the medium, but the length of the CPBS would be long.

To show a reduction in the dependence on chirality and how an appropriate value
for CLR is obtained, Figure 7 features the CLs, CLR and Ss for the tailored fiber structure,
where the larger A with 3.5 pm and a smaller d with 0.36 A are selected; the larger D1/d
with 1.5 and 1.6 are fixed; and ¢ is 50004.

All the CLs are shortened with a decrease in D1/d and an increase in D2/d, which are
the same as in Figures 3 and 4. For the case of D1/d = 1.6, the CLRs meet the requirement of
the design for the CPBS that approach 8/7,7/6 and 6/5 at D2/d = 1.412, D2/d = 1.540 and
D2/d =1.750. The corresponding CLs are 9.870 mm/8.635 mm, 9.507 mm/8.148 mm and
8.772 mm /7.304 mm, where the Ss are, respectively, 0.9676/—0.9667, 0.9566/ —0.9554 and
0.9342/—9326 for the r- and I-modes, which means that a DC-PCF CPBS can be realized
with 69.09 mm with CLR = 8/7 at D2/d = 1.412. Compared to the previous work, the
length of the DC-PCF CPBS is 135 mm shorter and the strength of chirality decreases to
46° /mm [32]. The chirality of the medium can further reduce as long as |S| > 0.96. For
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the other two values of CLR, the CPBS can be designed with a shorter length as long as it
has stronger chirality.
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Figure 7. The variation relations of CLs (a), CLRs (b) and Ss (c) with D2/d for fixed D1/d.

In the case of D1/d = 1.5, the values of CLRs close to 12/11, 11/10 and 10/9 emerge
at D2/d =1.515, D2/d = 1.600 and D2/d = 1.700, respectively; the lengths of the CLs are,
respectively, 7.185 mm/6.585 mm, 6.970 mm/6.335 mm and 6.699 mm/6.034 mm, where
the Ss are, respectively, 0.9679/—0.9669, 0.9605/—0.9594 and 0.9511/—0.9498; and thus,
the DC-PCF CPBS can be obtained with 79.035 mm for CLR = 12/11 and 69.70 mm for
11/10, which are much less than those in the previous work and need a weaker chirality
with 46° /mm [32], where the chirality strength can be furtherly decreased in the case of
CLR =12/11.

Figure 8 shows the normalized transmission power variation for the RHP and LHP
modes along the propagation distance in core A and the corresponding ER for the three
CPBSs. After a propagation distance of 69.09 mm and 79.035 mm for the first two CPBSs,
the power of the RHP mode is almost completely coupled into core B and the LHP mode
remains in core A. Additionally, for the third CPBS, the RHP mode remains in core A, and
the LHP mode is fully coupled into core B. Their ERs can respectively reach 160.73 dB,
140.31 dB and 120.00 dB at 1.55 pum, which are larger than those of most LPBSs and the
dielectrically chiral DC-PCF CPBS [16,32] and are far more than of the structurally chiral
DC-PCF CPBS [32], especially when the first ER is larger than 151.42 dB in the DC-PCF
LPBS [16]. Additionally, the width of the spectra are, respectively, 22 nm, 12 nm and
12 nm when ER > 20 dB, which is smaller than those of most LPBSs and the dielectrically
chiral DC-PCF CPBS [32]; however, it is about twice that of the structurally chiral DC-PCF
CPBS [6]. According to the above analysis, we can know the performance of CPBS 1 is better
than that of the other two CPBSs because of the superhigh ER and the wider bandwidth of
the spectrum. Furthermore, it demonstrates that the stronger coupling effect can decrease
the spectral bandwidth.

In practical applications of the design, more microstructures can be moderately con-
sidered so that the chiral dual-core PCFs have zero or near-zero dispersion around the
operation wavelength, so that no additional dispersion is introduced or so that it has a flat
dispersion to obtain the wider spectral bandwidth. In addition, it is necessary to consider
the mode field of the CPBS to match that of the applied fiber in its design. Otherwise, the
loss will be large to decrease the performance of the optic circuit.

Table 1 lists the performance comparison between the proposed and the reported chiral
DC-PCF CPBSs. According to Table 1, the CLs for this work are far less than 205.5 mm [32]
and 24.76 mm [6], while the ERs are better than those in the previous work, especially the
ER of CPBS 1, which can reach 160 dB, which is higher than that of the reported work.
The bandwidth of the spectrum is narrower than 32 nm [32], while it is still wider than
11.43 [6], especially for CPBS 1, which can reach 22 nm, which is almost twice as much the
structurally chiral DC-PCF CPBS [6]. The chirality strength decreases to 46° /mm, which
is far less than that in the previous work [6,32]. Therefore, the performance of CPBS 1 is
better than that of the other two CPBSs. By further optimizing the fiber’s structure or/and
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enhancing the chirality strength of the medium, the CL would further shorten and the
performance would further improve.
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Figure 8. Normalized power in port A along propagation distance in the chiral PCF CPBSs in (a—c)
and the corresponding dependence of the ER on wavelength in (d).

Table 1. Performance comparison between the proposed chiral DC-PCF CPBS and the reported chiral
DC-PCF CPBS.

Working Spectral Bandwidth Specific Rotatory Power
References Wavelength CL{mm) ER (nm) (>20 dB) or Twist Rate (°/mm)

[Sgiga'ReStrepo etal. 1.55 pm 24.76 50 11.43 899.54
Lietal. [32] 1.55 pm 205.5 120 32 96.6

CPBS1 1.55 pm 69.09 160.73 22 46
Our CPBS 2 1.55 pm 79.035 140.31 13 46
work

CPBS 3 1.55 pm 69.7 120.00 13 46

In addition to separating the CP beam with opposite handedness for same wave-

lengths, the CPBS can also split CP beams with different wavelengths. To ensure that the
modes are CP, the structure and medium is employed at above three chiral DC-PCFs, and
the dependence of the CL on wavelengths for the LHP mode is considered because the
chirality strength is stronger in the shortwave region and because the CL of LHP mode is
always shorter than that of the RHP mode for the same wavelength. Figure 9 shows the
CLs of the LHP modes with wavelengths for the three chiral DC-PCFs corresponding to
Figure 8, which covers the second and third communication window.
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Figure 9. The variation relation of CLs with wavelengths on the LHP modes for the three DC-PCFs
corresponding to Figure 8 in (a) and the normalized power variation along the propagation distance
in core A in the three DC-PCFs for A = 1.55 um and A = 1.30 um in (b—d).

The coupling length also increases by decreasing the operating wavelength with the
DC-PCF LPBS [1], where the CLs of the LHP modes are, respectively, 8.635 mm, 6.585 mm
and 6.335 mm at A = 1.55 um and 19.054 mm, 16.867 mm and 16.261 mm at A = 1.30 um,
and their corresponding ratios are 2.207, 2.561 and 2.460 when approaching 9/4,5/2,5/2,
which meet the requirement for CLy;/CLyy = odd/even or CLy;/CLj; = even/odd [1].
This suggests that these fibers can be designed as a multiplexer/demultiplexer for sep-
arating the CP beams that approach A = 1.55 pm and A = 1.30 um applied in fiber laser
communication systems, and the corresponding physical lengths are, respectively, close
to 76.216 mm, 33.734 mm and 32.522 mm, as shown in Figure 9b. The length of the multi-
plexer/demultiplexer can be made shorter through the further optimization of the structure
of the fiber and the chirality of the medium.

4. Conclusions

A kind of efficient CPBS based on chiral DC-PCF was presented and analyzed by using
the chiral PWE method, where the shorter distance between the two cores was selected.
Based on the competitive effect in CL and the polarization between the circular asymmetry
and the chirality of the medium, through the optimization of the structure, the DC-PCF
CPBS was obtained for the central wavelength of 1.55 um. The required chirality strength
can decrease to § = 46°/mm, which is far less than § = 96°/mm; the CL can shorten to
69.09 mm, which is far less than the previous 205 mm; the width of spectra can reach 22 nm,
which can be a little bit narrower than 32 nm when | ER | > 20 dB; and the ER above 160 dB
is higher than 120 dB [32]. This performance of the CPBS was also better than that of the
structural CPBS, except that the CL is longer [6]. Furthermore, on the basis of different
wavelengths, the chiral DC-PCFs were discussed as multiplexers/demultiplexers. The
simulation demonstrated that the multiplexer /demultiplexer can be perfectly realized for
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CP beams around 1.55 um/1.30 um by further optimizing the structure of the fiber, which
has potential applications in circular polarization laser communication systems.

The high-performance circular polarization beam splitter (CPBS) needs a medium
with a stronger chirality to tailor the coupling length (CL), extinction ratio (ER) and circular
polarization—-maintaining characteristics. The chiral medium can be obtained through
organic chemical synthesis [30,31] and the solution-doping technique [43]. Compared with
the structurally chiral CPBS, the chiral dual-core PCF (DC-PCF) can be fabricated as the
ordinary achiral one, such as by using the stack-and-draw technique, the drilling method,
and so on. With the development of chiral materials and through the further optimization
of the fiber structure, the performance of the dielectrically chiral DC-PCF CPBS can be
further improved.

The CPBS can be applied in the field of sensors and optical fiber communication as a
circular polarization-maintaining device to replace the existing LPBS and quarter-wave
plates, to reduce the polarization error/noise and to oppositely split CP light and CP
multiplexer/demultiplexer in fiber laser communication systems.
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Abstract: The investigation of novel approaches for forming solar cell grid lines has gained impor-
tance with the rapid development of the photovoltaic industry. Laser-induced forward transfer (LIFT)
is a very promising approach for microstructure fabrication. In this work, the morphology of grid
lines deposited by LIFT was investigated. A characterization scheme for solar cell grid lines was
proposed. The shape of grid lines was described, combined with confocal imaging. The evolution
process of grid lines from no forming to single-peak and double-peak with a variation of laser fluence
was observed. According to experimental conditions, different types of grid line morphology were
obtained and transfer mechanisms of silver paste were proposed based on fluid dynamics. The influ-
ence of laser fluence on the morphology of formed grid lines was explained through phenomenology
and analysis. This can provide a guide for morphology control in forming the process of grid lines.

Keywords: micro structure fabricating; LIFT; solar cell grid lines; morphological characteristics;
printing mechanisms

1. Introduction

Laser-induced forward transfer (LIFT) is one of the most promising approaches for
contactless device fabrication at the microscale or nanoscale levels [1]. In classical LIFT,
the laser beam irradiates a thin film of an absorbing material (the donor), which is usually
deposited onto a transparent substrate. A pulsed laser is used to ablate a small portion of
the donor film and deposit it onto a receiver substrate. The donor material can be solid
or liquid and is transferred in the solid phase or as small droplets in the liquid phase
onto the receiver substrate. The donor material can be a solid or liquid material, and is
transferred in the solid phase or as small droplets in the liquid phase onto the receiver
substrate. The flexibility, simplicity, and high speed of laser-induced microfabrication and
nanofabrication techniques give them advantages over traditional device manufacturing
techniques [2—4]. LIFT is used to print metal contacts [5] and patterned solder paste [6] for
microwave interconnects in microelectronics or coplanar waveguides [7].

With the development of solar cell technology [8], reducing cost and increasing effi-
ciency have become the goals of industry development. As an important part of the solar
cell, a grid line is used to transmit the generated photogenerated carriers. Therefore, the for-
mation of grid lines (metallization of cells) is a necessary process in the fabrication of solar
cells. Additionally, the amount of silver paste used in the grid line is the second-largest cost
for solar cell production. The morphological characteristics of grid lines greatly influence
the performance of solar cells. To reduce cost and improve efficiency, the width of grid lines
needs to be much thinner, and the aspect ratio needs to be much larger. This will reduce
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the amount of silver paste and the shielding of grid lines on the solar cell surface. Screen
printing is usually used to form grid lines in the industry. The process is mature and the
production rate is fast. However, as a kind of contact printing technology, screen printing
inevitably exerts certain pressure on the silicon wafer during the printing process, which
may cause the silicon wafer to break. In addition, the use of high-viscosity silver paste
particles in front metallization will lead to screen blocking, affecting the quality of printing.
Non-contact printing methods, such as aerosol jetting [9], inkjet [10], microprinting [11],
and dispensing printing [12,13] are studied. As a very promising approach, LIFT is being
tried for the front metallization of solar cells [14]. Benefiting from being non-contact and
maskless, the damage to the fragile silicon wafer and accuracy reduction caused by the
blockage of high-viscosity paste are avoided. Moreover, due to the high controllability
of laser, the morphology of grid lines could be controlled more flexibly, and the electrical
properties could be improved.

The electrical properties, such as conductivity and contact resistivity, of the grid line
depend not only on the material properties themselves but also on the morphology of the
grid line. Currently, parameters for the cross-sectional characterization of grid lines mainly
focus on the cross-sectional area, shielding area, the effective width of the core [15], and
aspect ratio. However, there is no uniform standard, and these parameters are not sufficient
to fully characterize the morphology of grid lines. To more completely characterize the
morphology of grid lines and more accurately judge forming quality, parameters such as
average shading line width, conductivity line width, line height, cross-sectional area and
aspect ratio, valley height, and peak separation of grid lines are proposed for the analysis
of the influence of laser fluence.

The transfer process of silver paste and the morphology, as well as the quality of
the formed grid line, will be strongly affected by the specific rheology of the silver paste
used [16], making the transfer mechanism different from that previously observed in
conductive inks or nano pastes [17]. Continuous lines with high aspect ratios have been
printed at high speeds [18]; however, in this research, the influence of the interaction on
adjacent pulses is not considered. The grid line obtained is wavy, which greatly affects
the conduction efficiency. Both P.Sopefia [19] and Murfioz Martin [20] focused on the
interaction between adjacent pulses. A non-uniform donor film surface was generated.
Different events [21], such as bubble expansion, bubble burst, or no expansion at all, can
randomly develop depending on the donor film state at the moment of irradiation, which
causes transmission failure. To improve grid line quality and avoid non-uniformities or
other defects, researchers have proposed many methods. Multiple line printing [22] was
studied, which consists of printing several lines on top of the previous line. In this case,
the donor was moved after each voxel transfer, and each pulse irradiated a new area
without interfering with the others. Finally, a grid line with a width of 65 um was obtained.
However, the printing speed of this approach is slow due to the limitation of the donor’s
movement speed. Y. Chen [18] and Mufioz Martin [20] both increased the laser spot pitch
to reduce the influence of the interaction between adjacent pulses. However, the increase in
the spot pitch caused the overlapping area of voxels to shrink, which resulted in significant
fluctuations in the line width. Mufioz Martin [20] solved this problem by using a higher
laser fluence to obtain larger voxels, which could increase the overlapping area of voxels.
Nevertheless, this method resulted in a significant increase in the width of the obtained line,
reaching 134 pm. Pattern transfer printing (PTP) [23] is also a non-contact laser printing
technique similar to LIFT. A transparent polymer with narrow grooves is applied as the
transparent substrate in PTP, and silver paste can only be filled into the grooves. Laser
beam will scan along the grooves and the silver paste is transferred from the grooves to the
silicon wafer. The width and aspect ratio of the grid lines could be controlled by adjusting
the size of the grooves. The latest research [24] shows that PTP could obtain grid lines
with a width of 20 um and an aspect ratio of 0.6. Compared with LIFT, PTP can obtain
grid lines with a width of 20 um and an aspect ratio of 0.6. Compared with LIFT, PTP has
a higher printing resolution. However, the transparent substrate must be customized to
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the printed pattern before transferring. Additionally, as processing time extends, drying
silver paste may clog narrow grooves, leading to the invalidation of this method. Thus, it
remains a big challenge to print high-resolution grid lines with the merits of non-contact
and non-masking methods. To avoid interaction and achieve successful transfer, a larger
distance between laser points was used. However, in cases of large spot spacing, it is
difficult to obtain continuous grid lines or even thinner lines. Therefore, analyzing transfer
mechanisms at high repetition frequencies for forming grid lines is very important. In this
paper, the interaction between pulses is considered, and the grid line is formed under a
small gap and high overlap rate with a high repetition frequency (1000 kHz).

In this paper, grid lines are formed by a non-contact laser forming method. Two
typical morphologies of grid lines, namely single-peak, and double-peak, were observed
using high-viscosity silver paste in the LIFT forming process. The typical morphology was
characterized and the influences of laser fluence on the morphology of transferred paste
and grid lines were studied. Based on characterization of grid lines and transfer analysis,
the transfer mechanism of LIFT for high-viscosity silver paste was proposed in forming
grid lines.

2. Materials and Methods

A self-built LIFT system was employed. As shown in Figure 1, a pulsed laser
(532 nm; 12 ps; 1 MHz) was used as the laser source, a galvanometric mirror system
as a scanning head, high precision fused quartz as the donor substrate, high-viscosity
silver paste as the donor film, and monocrystalline silicon wafer as the receiving substrate.
With a galvanometric mirror system, the system can scan at speeds up to 5 m/s along a
predetermined path. An f-theta lens was applied to focus the laser beam reflected from
the galvanometer scanner onto the donor. The distance from the donor to the receiving
substrate could be electrically adjusted from 15~50 um. The laser fluence can be calculated
using Equation (1).

Eo
== M
where Fy is the laser fluence. Ej is the single pulse energy. A is the beam area. By adjusting
the output power of the laser, the fluence can be controlled, when the laser spot size, speed
and frequency rate are fixed. Different laser fluences (4.91 to 11.04 J/ cm?) were used to
form grid lines.

‘ Laser
—

Scanning 532 nm
head

F

F-theta lens

—— Donnor substrate

Figure 1. LIFT schematic diagram.

The parameters of the silver paste used as the donor material for LIFT are shown in
Table 1. With a high-viscosity paste of 157 Pa-s at a shear rate of 20 rpm/3 min, the silver
paste exhibits non-Newtonian thixotropic fluid with pseudoplastic (viscosity decreases
with increasing shear rate until an equilibrium value is reached) and thixotropic (viscosity
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at a constant shear rate decreases and eventually steadies out to an equilibrium value)
behavior. In other words, thixotropy is the thinning of shear force during usage and a rapid
rebound to the initial structure after force is no longer applied. Relevant parameters of
silver paste were obtained through HAAKE Rheostress 6000 with shear rates from 0.01 to
1000 s~1, at 25 °C. The viscosity curve and flow curve present basic information on paste
rheological properties. From the viscosity curve, it can be seen that when fluid is subjected
to shear strain, its viscosity decreases with increasing shear rate. From the flow curve, shear
stress increases with increasing shear rate, meaning silver paste has the characteristic of
shear thinning. The effect of shear thinning is to reduce the flow resistance and friction
to improve the fluidity and lubricity of the fluid. The thickness of the paste layer on the
donor substrate is 16.9 um, as shown in Figure 2. As a kind of non-Newtonian fluid, silver
paste was stirred for approximately 10-15 min to attain equilibrium viscosity before use.
To avoid viscosity changes caused by the evaporation of liquid components from the film,
printing should be completed within 10 min after sample preparation. Otherwise, a change
in viscosity will seriously affect transfer results.

Table 1. Sliver paste properties.

Properties Value
Solid content 91.68 wt%
Particle size <3~5 um
Viscosity 157 pa-s(20 rpm/3 min)

Figure 2. Thickness of paste layer on the donor substrate measured by laser scanning confocal microscope.

The monocrystalline silicon wafer was chosen as the acceptor under the silver paste,
with an average line roughness of 0.2 um. The distance between the donor and acceptor
could be adjusted from 0 um to 100 um. After experiments, to evaporate solvents and bond
silver powders, silicon wafers were subsequently dried and sintered at 200 °C and 750 °C
separately. The morphology of transferred lines was measured by an optical microscope
and laser scanning confocal microscope Olympus LEXT OLS5100 (LSCM).

3. Results
3.1. Characterization

The conductivity of the grid line is greatly affected by its geometry. Therefore, it is very
important to evaluate the 3D geometry of contacting grids with sufficient measurement
methods and statistical evaluation. With LIFT, two typical morphologies of grid lines were
formed, they have a cross section with a single-peak and double-peak, respectively. As
shown in Figure 3, to ensure adequate statistical evaluation and repeatability, measurements
of each x-axis are averaged to avoid subjective effects and measurement errors from manual
measurements. The obtained data are also averaged across the y-axis to determine the
wafer datum and avoid pyramidal effects.
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150 : 200 250 (pzm)

Figure 3. (a) The 3D geometry of the grid line measured by Laser Scanning Confocal Microscope;
(b) Top view contour map of grid line measured by Laser Scanning Confocal Microscope.

Ideally, a grid line with a larger cross-sectional area, a larger height, and a smaller
width is needed to maximize the optical and electrical properties of the grid line and
increase using the efficiency of silver paste. A representation system was defined to evaluate
grid line geometry from the cross-section direction. According to a grid line with single-
peak and double-peak, respectively, the average shading line-width, conductivity line-
width, line height, cross-sectional area and aspect ratio, valley height, and peak separation
of grid lines are defined, as shown in Figure 4 and Table 2.

125um 250um

L 7 2
W } Wsh

sh

Figure 4. Morphology of grid lines with single-peak (a), and double-peak (b); Parameters defined for
grid lines with single-peak (c), and double-peak (d).

Table 2. Morphologies of grid lines with single-peak and double-peak.

Morphologies Single-Peak Double-Peak
Horizontal baseline L L
Average shading line-width Wy, Wy,
Conducting line-width Weo Weo
Line height H H;; Hg
Cross-sectional area Acrsct Acrsct
Aspect ratio AR AR
Valley height / H,
Peak separation / Lsp

To separate silver paste drift from the amount of silver paste that contributes to the
conductivity of the grid line, average shading width is defined as the length of the line
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segment at a height of 2 um from the horizontal baseline (silicon wafer fluctuation =+ 2 pum).
From Figures 3b and 4a,b, it can be seen that when the relative height difference is 2 pm,
there is a coherent grating edge (conductive grid edges). A horizontal baseline with an
average length of 50 pm on both sides of the measurement result is selected to eliminate
the tilt error of the measurement. The average shading line-width is the intersection of
the cross-section curve and horizontal baseline. The conducting line-width is 2 um above
the horizontal baseline. Line height is the maximum distance between the cross-section
curve and the horizontal baseline. Line height is also the maximum distance of the left
peak between cross-section curve and the horizontal baseline and maximum distance of
the right peak between the cross-section curve and the horizontal baseline. Cross-sectional
area is the area enclosed by the horizontal baseline and cross-sectional curve. Aspect ratio
is the ratio of line height H to conductive line width W,,. Valley height is valley height
at the fitted line, distance from the horizontal baseline. Peak separation is the horizontal
distance between two highest peaks.

3.2. Effect of Laser Fluence on Cross-Sectional Morphology

Based on the above experimental system, a variety of grid lines with different mor-
phologies were formed under different laser fluences. After laser irradiation, the donor
was removed from the acceptor substrate, leaving transferred lines. Grid line morphology
at different laser fluences measured by LSCM is shown in Figure 5. When using the lowest
fluence, there is no transfer, as shown in Figure 5a, suggesting the existence of a laser
fluence transfer threshold. When laser fluence increases, paste transfer occurs, with wider
lines at higher laser fluences. Subgraphs highlighted in the red solid line box are 3D profiles
of grid lines with a single-peak, as shown in Figure 5b—d. Subgraphs highlighted in red
dotted frames are 3D profiles of grid lines with a double-peak, as shown in Figure 5e—i.
There are several grid lines with different morphologies, and only single-peak grid lines
exhibit characteristics of a high aspect ratio.

(a) L;=4.91]/cm? (b) L;=5.72]/cm? (C) L;=6.54]/cm?

Figure 5. Grid line morphology at different laser fluences measured by LSCM, from (a—i), with the
increase of the laser fluence.

Under different laser fluences, the cross-sectional morphologies of grid lines are
significantly different, as shown in Figure 6. With increasing laser fluence, line width
increases, and the distance between two peaks also increases. However, no matter the grid
line with single-peak or double-peak, the heights of the peaks remain basically the same.
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Figure 6. Contour of cross-sectional morphologies, from (a-i), with the increase of the laser fluence.

Figure 7 shows the results of transferred lines under different laser fluences. Specifi-
cally, the effect of laser fluence on line width, cross-sectional area, distance between two
peaks, and line height is studied. Conductive line width, cross-sectional area, and double-
peak distance increase with increasing laser fluence, and the increasing trend is essentially
approximately linear, as shown in Figures 7a—c and 8. For single-peak lines, the default
distance between two peaks is zero. The effect of laser fluence on height of the grid line is
also shown in Figure 7d.

With changes in laser fluence, the height of the grid line can be considered basically
the same, as shown in Figure 8. Line height is basically consistent with the thickness of the
paste layer on the donor substrate (16.9 um), as shown in Figure 2.

Therefore, it is reasonable to assume that there is only a vertical overall movement of
paste at the peak but no horizontal flow during silver paste transfer. Based on the results
shown in Figure 8, with increasing laser fluence, the aspect ratio shows a downward trend.
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Figure 8. Effect of the laser fluence on aspect ratio of the grid line.

4. Discussion

We assume that the laser fluence is deposited at the interface between the donor
substrate and that the silver paste film and the laser-induced plasma is generated. Plasma
induces the shock wave propagating inside.

It is noted that the maximum pressure is independent of the pulse duration and is
proportional to the square root of the laser fluence density [25]. Therefore, it is reasonable
to analyze the evolution of the grid line morphology with the laser fluence.

When laser fluence just exceeds the transfer threshold, silver paste flows and bubbles
form and develop until they come into contact with the silicon wafer. The silver paste
and silicon wafer are separated and the grid line is formed, as shown in Figures 9 and 10.
In Figure 9, H; is the thickness of silver paste, D is the gap between silver paste and
receiving substrate, Ry, is bubble radius, Hy, is bubble expansion height, and Hj, is peak
height. It is speculated that there is no transverse flow of silver paste when a single-peak
appears. When laser fluence is larger, a portion of laser fluence is used to compress silver
paste, which flows vertically and develops into peaks and valleys as laser fluence increases.
Interaction between adjacent pulses is essentially a diffusion process between high-pressure
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bubbles and cavities. It usually takes about 20 ps from the expansion of high-pressure
bubbles to the formation of cavities. A repetition rate as high as 1000 kHz means that the
laser pulse interval is 1 us and adjacent pulses interact with each other. A cavity is formed
in the next laser pulse irradiation and the previous pulse irradiation area. The influence of
pulse interaction is reduced by the constraint of a small gap. To summarize, experimental
results on transferred lines show that three different regimes can be considered depending
on laser fluence: no transfer, single-peak transfer, and double-peak transfer.

Donor substrate R
b,

¢D Hy
Receiving substrate

Figure 9. Bubble generation by laser induced.

Figure 10. Forming process of line with single-peak (a,b), line with double-peak (c,d). (1) Silver
paste foams and expands under pressure. (2) Silver paste contacts the receptor substrate and remains
closed. (3) An external force causes the bubble to rupture and separate from the receptor substrate.

Before laser action, paste is almost unstressed and basically in a static state. First, the
incident laser pulse is focused on the interface between glass and paste, rapidly heating
and evaporating organic components of the silver paste. Molecules or particles in paste
are rearranged or oriented under the action of shear force. A high-pressure and high-
temperature vapor bubble is formed, as shown in Figure 10(1). There is a corresponding
material transfer threshold for a given paste layer thickness. The laser fluence threshold
of silver paste is attributed to the balance of internal and external forces. When paste is
subjected to shear strain, its viscosity decreases with increasing shear rate. Flow resistance
and friction of paste reduce, and both fluidity and lubricity of paste improve, manifested
as bubble expansion. Then, due to the small gap, silver paste is pushed by the bubble to
contact the receiving silicon wafer and continues to expand due to wettability. However, the
bubble remains closed, and its original height is maintained after contacting the receptor,
as shown in Figure 10(2). Finally, the paste is no longer stressed and tends to rebound
to its initial structure until an external force is broken. Due to the thixotropy of the non-
Newtonian fluid of the silver paste, the existing shape is maintained after stabilization. The
silver paste at the joint is pulled off by a vertical upward pull, and the grid line is formed
after separation, as shown in Figure 10(3).

As shown in Figure 10a, silver paste expands, contacts and infiltrates the receiving
substrate, and finally the grid line forms. The vertical direction of the silver paste is not
squeezed, so the peak height is the same as the thickness of the silver paste, which means
Hp, = Hs. As shown in Figure 10b, as laser fluence increases, a larger internal pressure
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overcomes ambient pressure and surface tension, and the bubble expands to a larger size.
Silver paste is still not squeezed in the vertical direction, maintains its original height
after contacting the acceptor, and expands horizontally along the substrate, showing an
increase in line width. As shown in Figure 10c, with a further increase of laser fluence, the
silver paste in the laser-action center is squeezed in the vertical direction, which results
in local transverse flow, manifested as a decrease in the thickness in the middle position,
that is, the valley between two peaks. However, the bubble size does not change much,
and contact with the receiving substrate is not affected, and the original line width is still
maintained. As laser fluence further increases, bubble size increases, and the contact area
of the substrate increases too, extrusion becomes more obvious, and line width becomes
bigger. With further increases in laser fluence, the transverse flow area becomes larger,
showing a larger peak spacing, as shown in Figure 10d.

5. Conclusions

In this work, laser-induced forward transfer (LIFT) of high-viscosity silver paste was
studied using a picosecond pulsed laser. Continuous grid lines with a high aspect ratio
were formed, and 3D morphologies were measured by LSCM. It was found that there were
two typical morphologies of grid lines: single-peak cross-section and double-peak cross-
section. In order to better characterize the obtained grid lines for two typical morphologies,
parameters such as shielding line width, effective line width, area, and height of the grid
line were proposed and defined. The transfer mechanism was proposed, and the influence
of laser fluence on paste flow was analyzed. Transfer modes according to the two typical
morphologies were observed and defined. For single-peak transfer mode, when laser
fluence just exceeds the transfer threshold, silver paste flows, then the bubble generates
and develops until it makes contact with the silicon wafer and separates from the donor
film, then forming a single-peak grid line. When laser fluence is relatively large, part of the
laser fluence is used for silver paste compression and vertical flow. It develops into a peak
valley as laser fluence increases, which results in a double-peak transfer mode. Research
on the forming process could be a guide for future studies on morphology control in the
forming process of grid lines and its application in solar cells.
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Abstract: In the field of construction, the surface of architectural aluminum formwork for concrete
pouring will remain the concrete adhesion layer of heterogeneous composite structures. In view of
the difficulty of removing the concrete adhesion layer, we studied the technology and mechanism
of removing the concrete adhesion layer by laser cleaning technology in this paper. We analyzed
the composition and distribution characteristics of residual concrete on the surface of architectural
aluminum formwork, set up a laser cleaning test system, carried out laser cleaning experiments
on the concrete layer on the surface of architectural aluminum formwork under different storage
times, and analyzed the mechanism of removing the concrete adhesion layer by laser cleaning. The
experimental results showed that the residual time of concrete will affect the quality and efficiency
of laser cleaning concrete residue on the surface of architectural aluminum formwork for concrete
pouring. For concrete residues with short residual time, lasering can achieve efficient and high-
quality cleaning. A nanosecond pulsed laser could strengthen the surface hardness of the aluminum
alloy template during cleaning, which is helpful in improving the durability of the aluminum alloy
template. The main mechanisms of laser cleaning to remove the concrete adhesion layer on the surface
of architectural aluminum formwork is that the bubbles and water bubbles in the loose structure
of concrete instantly absorb high-energy laser and make the concrete aggregate continuously air-
burst. This paper provides technological and theoretical support for the application of laser cleaning
technology to remove residual concrete on the surface of architectural aluminum formwork for
concrete pouring in the field of construction.

Keywords: architectural aluminum formwork; concrete adhesion layer; laser cleaning; cleaning
mechanism; process experiment

1. Introduction

In the construction of concrete pouring, aluminum alloy formwork has the advantages
of a beautiful appearance, high quality, low average single use cost (more than 300 times
of reuse), and greatly shortening the construction period. It has become a representative
green infrastructure method with low consumption, environmental protection, economy,
and practicality, and is widely used in construction engineering [1,2]. However, due to the
strong adsorption and poor ductility of aluminum alloy formwork, it is difficult to remove
the residual concrete attached to its surface after construction. Traditional methods [3] such
as vibration, pickling soaking, shot blasting, and high-pressure water abrasive washing
will damage the surface of the aluminum alloy template, reduce the service life, and also
produce a lot of dust and waste liquid, resulting in serious pollution. Therefore, we need
an environmentally friendly and convenient cleaning method for residual concrete on the
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surface of aluminum alloy formwork. It is of great significance to improve the efficiency
and quality of construction projects, and to eliminate pollution.

Laser cleaning has been widely used by people since its birth. It has the advantages
of being green, having high efficiency, and being easy to control [4]. Since the 1980s, laser
cleaning has been successfully applied to the cleaning of dirt on the surface of cultural
relics and statues, such as marble, murals, buildings, etc. [5]. In recent years, it has solved
the problem that it is difficult to remove tiny contaminated particles with strong adsorption
on the mask surface [6] in the field of semiconductor precision manufacturing.

The preferred light source for laser cleaning is a high energy (10-500 m]) and high rep-
etition frequency (kHz) nanosecond (10-100 ns) pulse laser. This is because the nanosecond
narrow pulse width laser acting on the pollutant surface can reduce the heat conduction
caused by heat accumulation and avoid excessive temperature rise of the substrate [7-9].
The high repetition frequency pulse acts on the surface of the pollutant, which causes the
pollutant to quickly reach the separation and removal threshold, and improves cleaning
ability and efficiency [10-12]. High-energy laser pulses can use large focused light spots
(400-2000 pm) to remove pollutants, it is beneficial to protect the substrate from damage
and reduce the difficulty of cleaning process parameters control.

In recent years, with the rapid development of high-energy and high-repetition fre-
quency nanosecond pulse lasers, the laser cleaning efficiency has been greatly improved,
and the application field has been expanding. It has been applied in the fields of mold
cleaning, metal welding seam de-gluing, and oxide film removal [13,14], as well as air-
craft parts and complete machine paint removal [15,16], warship rust removal [17-19], etc.
Traditional cleaning methods are being gradually replaced.

Based on the above background and the development status of laser cleaning technol-
ogy, laser cleaning technology is applied in the field of construction. In this paper, the laser
cleaning technology and mechanism of cleaning the concrete adhesion layer on the surface
of aluminum alloy formwork for concrete pouring are studied.

The concrete residue attached to the surface of aluminum alloy formwork is a multi-
component mixed structure composed of coarse and fine aggregate (stone, sand) and
hydration products of cement. The structural characteristics of the cleaned concrete should
be fully considered in the process experiment and mechanism analysis, which are different
from the traditional stress stripping and gasification by ablation. Firstly, we analyze the
morphology characteristics of the concrete adhesion layer on the surface of aluminum alloy
formwork and classify it according to the thickness of the adhesion layer. Secondly, we
built a high-energy and high-frequency nanosecond laser cleaning system for aluminum
alloy formwork and carried out laser cleaning experiments on concrete adhesion layers
with different thicknesses and different residual times. Finally, the cleaning results and the
laser cleaning mechanism of concrete with multi-component hybrid structure are analyzed
and studied.

2. Characteristic Analysis of Residual Concrete on the Surface of Aluminum
Alloy Formwork

After the concrete is poured and the mold removal condition is reached, a certain
amount of residual concrete layer will be attached to the surface of the aluminum alloy
formwork. It is very important to analyze the microstructure and distribution of the
concrete residue layer to study the laser cleaning mechanism of aluminum alloy formwork
surface concrete, formulate the process method, and clarify the process parameters.

2.1. Concrete Composition

As shown in Figure 1a, from the macroscopic point of view, concrete is a heterogeneous
composite structure. It is mainly composed of coarse and fine aggregates (stone, sand)
and hydration products of cement. Aggregate accounts for about 70% of the total volume,
cement slurry accounts for about 25%, and there are about 5% pores containing water and
gas. The quality characteristics of concrete mainly depend on the properties and relative
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content of aggregate and cement slurry, and the bonding strength of the interface between
aggregate and cement. From the submicroscopic point of view, due to the aggregate gap
and “bleeding” caused by particle gradation, there are a large number of porous (30-60 pm)
and loose interfacial transition zones between aggregate and mud. As shown in Figure 1b,
there are micro-cracks and voids containing a lot of water and air in this area, which is the
weak link of concrete strength [20].
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Figure 1. Composition of ordinary concrete structure (a) macrostructure; (b) submicrostructure.

2.2. Characteristics of Residual Concrete on the Surface of Aluminum Alloy Formwork

The aluminum alloy formwork material commonly used in the construction field for
concrete pouring is 6061-T6. The attached concrete is the cement cementitious material and
sand aggregate naturally attached during disassembly. The physical properties of the two
materials are shown in Table 1. As shown in Figure 2, after the aluminum alloy formwork
is removed, the coarse aggregate with a larger particle size is left in the pouring wall or falls
off with the removal of the aluminum alloy formwork, while the fine gravel is attached to
the surface of the aluminum alloy formwork under the action of cement bonding force.

In this paper, according to the distribution of concrete adhesion layer and mud
thickness on the surface of aluminum alloy formwork, the disassembled aluminum alloy
formwork surface can be divided into three cases: bare area (residual concrete thickness
10~30 pm), thin slurry area (residual concrete thickness 30~100 um), and thick slurry area
(residual concrete thickness >100 um). The bare area is mainly composed of isolation glue
and dust. There are clear boundaries between each area, as indicated by the yellow arrow
in Figure 2.

Table 1. Physical performance parameters of architectural aluminum formwork and its attached concrete.

Coefficient of Linear Thermal Thermal

Materials Elastl(;/[l\l/ig)d ulus Expansion Pmsst:lr: s; Ratio Diffusivity Conductivity Pl:)/[i‘;lttl(?g)
(K1) ? (m?/s) (W/(m-K))
Aluminum formwork 4 6 -5
6061-T6 7 x 10 23 x 10 0.3 23 x 10 155 580~650
Concrete " 6 N
C15~C80 2.20~3.80 x 10 476~12.1 x 10 0.2 1.34 x 10 1.28 1800~2500
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Figure 2. Morphology characteristics of concrete adhered to the surface of aluminum formwork
(a) microstructure; (b) structure.

3. Laser Cleaning Experiment of Residual Concrete on Aluminum Alloy
Formwork Surface

3.1. Laser Cleaning Experiment and Testing System

As shown in Figure 3, the laser wavelength of the laser cleaning experimental system
is 1 pm, the maximum output power is 600 W, the output frequency is continuously
adjustable from 20 kHz to 50 kHz, the pulse width is 100 ns, the maximum single pulse
energy is 30 mJ@20 kHz, the diameter of the tail fiber core for laser flexible transmission is
400 um, and the numerical aperture is 0.2. The two-dimensional motion platform is used
to drive the aluminum alloy formwork to translate at a fixed speed, and the positioning
accuracy is less than +20 um. The paint film thickness gauge (QNIX, 4500, Manufactured
by QuaNix in German) is used to detect the thickness of residual concrete on the surface
of the aluminum alloy formwork. The measuring range is 0~3000 pm, and the accuracy
is £(3% + 2) um. The surface cleanliness of aluminum alloy formwork after cleaning is
tested by Olympus Digital Microscopy system (OLYMPUS, DSX1000, version: 1.2.2.36). The
surface hardness of aluminum alloy formwork after cleaning is tested using an indentation
Wechsler hardness tester (HV-1000Z); the measuring range is 0~3000 HV. To accurately
detect the change in the thickness of the concrete layer on the surface of the aluminum
alloy formwork before and after cleaning, we install a positioning fixture on the moving
platform to ensure the positioning accuracy of the repeated installation of the aluminum
alloy formwork. The thickness gauge is fixed on the guide slider. It can move along the
guide rail perpendicular to the truss to measure the thickness of the concrete layer on the
surface of the aluminum alloy formwork.

Laser

o B
Laser process head /o
r : 2%
Linear guideway
Thickness tester
Aluminum formwork
Dowel pin 5
s
X-Y dimension workbench ' Positioning fixture

Figure 3. Laser cleaning test and detection system.

3.2. Experimental Sample

In this paper, the laser cleaning experiment is carried out by using the planar aluminum
alloy formwork with a concrete layer attached to the surface. The grade of aluminum alloy
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formwork material is 6061-T6, the size specification is 650 x 300 x 65 mm (L x B x H),
and the type of residual concrete on the surface of aluminum alloy formwork is C30.

3.3. Experimental Method

First of all, in order to fully simulate the actual working conditions, the aluminum
alloy formwork is divided into two areas, and concrete samples with different residual time
are respectively prepared. As shown in Figure 3, the residual time of the concrete residue
on the surface of the aluminum alloy formwork in area A is 72 h, and that of concrete
residue in area B is 4 weeks.

Secondly, the test area of the residual concrete on the surface of the aluminum alloy
formwork is gridded, and the grid size is 10 mm x 10 mm. Each grid is numbered and the
coordinate direction is marked to form a cleaning interval with three different types of
residual concrete layers: thick, thin, and bare. After each positioning, we timely measure
and record the height values of four coordinate points a, b, d, and e before and after laser
cleaning. The four measuring points are near the center point c, as shown in the aluminum
alloy template in Figure 3.

To achieve the highest efficiency of laser cleaning in the practical application of alu-
minum alloy formwork in concrete pouring, we use the highest power P that the laser
can provide. The residual concrete on the surface of the aluminum alloy formwork with a
residual time of 72 h or 4 weeks was cleaned by laser. The process standard is to completely
remove the concrete layer of a certain state, and the specific process parameters are shown
in Table 2. The evaluation indexes are cleaning quality and cleaning time of a single piece, to
verify the feasibility of the laser cleaning technology in aluminum alloy formwork cleaning.

Table 2. Technological parameters of laser cleaning experiment.

Laser Power Frequency X-Axis Scanning Width X-Axis Scanning Speed Y-Axis Speed Spot Diameter
P (W) f (kHz) D (mm) Vx (mm/s) Vy (mm/s) (mm)
600 20 50 2000 10 0.8

The laser energy density and energy value of the high repetition frequency pulse laser
acting on the unit area of concrete surface per unit time can be calculated by Equation (1).
It is used to formulate the process standard of laser cleaning to remove concrete from the
surface of the aluminum alloy mold.

The number of pulses per unit scale of two-dimensional scanning cleaning is:

n-N

P, = D ’ (1)

where N is the number of pulses output by the laser in a single scanning process:

N=f-%, @)

n is the average overlap rate in the Y direction:

n=/Vy)/(D/Vy), 3)

V is the one-dimensional scanning speed in the X direction of the galvanometer, V,
is the translation velocity in Y direction of the substrate, D is the scanning range of the
galvanometer in the X direction, f is the repetition frequency of pulsed laser, and d is the
diameter of the spot.

By substituting the parameters of Table 2 into Equations (1)—(3), we determine that the
laser energy per unit area and unit time used in this paper is 114 m].
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4. Experimental Result
4.1. Effect of Residual Time of Concrete on Cleaning Efficiency

The laser cleaning process parameters in Table 2 are used to clean the surface of
aluminum alloy formwork in area A and B, respectively. The two areas A and B have
different concrete residual times.

4.1.1. Comparison of the Macroscopic Morphology

The cleaning results are shown in Figure 4a, and the enlarged observation of M)~®
areas in A and B are shown in (b)~(e). Among them, the surface of the aluminum alloy
formwork substrate in region A is completely exposed and shows metallic luster. The total
cleaning time of area A is about 195 s. The cleaning result of area (1) is shown in Figure 4b.

Figure 4. Macroscopic morphology and local magnification of cleaning surface: (a) Overall appear-
ance of aluminum formwork; (b—e) D~ area enlargements.

However, under the same cleaning process parameters, the concrete adhesion layer in
area B cannot be completely removed, and there are still more concrete adhesion layers in
thin slurry area () and thick slurry area 3). Area (@ is the surface of thin slurry area ) after
repeated cleaning with the same cleaning parameters for five times. Its surface is different
from that of area (. The color of the surface is yellowish and some residual blocks with a
black color and a thickness of 300~400 pm are not removed.

4.1.2. Comparison of the Thickness of the Residual Layer on the Cleaning Surface

Table 3 shows the measured values of concrete layer thickness at five specific points
before and after laser cleaning on the surface of the aluminum alloy formwork. At position
(D in area A, the concrete residue on the surface of both thin and thick slurry areas is almost
completely removed, and the thickness of the residual concrete layer is less than 5 um. The
concrete layer at ) and () of area B was removed about 20~50 pm after being cleaned
by laser for a single time. At position (9 of area B, after repeated cleaning five times, the
thickness of the residual block is about 453 pm, and the yellowing layer still has a relatively
thick concrete layer, with a thickness of about 8.6~15.6 um.

Table 3. Concrete height values before and after cleaning in each area (um).

Area Measuring Time a b c d e
o) before 38.7 27.8 571 243 47.9
after 1.3 2.3 2.1 48 1
® before 46.9 57 474 13.9 54.5
after 13.4 6.4 21.5 2.3 8.7
® before 780 923 849 408 582
after 724 892 792 384 342
@ before 54.3 241 470 68.2 34.6
after 10.2 211 453 15.6 8.6
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Through comparative analysis, it can be determined that when the concrete remains
on the surface of the aluminum alloy formwork for a short time (<72 h), whether in the
thick or the thin slurry areas, using a laser to clean the residual concrete on the surface
of aluminum alloy formwork can achieve a better removal effect. However, when the
concrete remains on the surface of the aluminum alloy formwork for a long time (4 weeks),
laser cleaning of residual concrete on the surface of the aluminum alloy formwork cannot
achieve a good removal effect in both thick and thin slurry areas. It specifically shows
a low cleaning efficiency and more surface residue after cleaning. From the perspective
of engineering application, the residual time of 72 h selected in this paper can meet the
time requirements of laser cleaning at the construction site. The selected time also meets
the time requirements for transferring it back to the aluminum formwork factory for laser
cleaning. Under the experimental conditions of this paper, it is estimated that the cleaning
time for one aluminum alloy formwork is 6.5 min, which has high feasibility in engineering
application. This cleaning efficiency has high feasibility in engineering application.

4.2. Comparison of Micro-Morphology
4.2.1. The Surface Morphology of Area A after Being Completely Cleaned

Figure 5a shows the typical surface micro-morphology at (D) in area A after complete
cleaning. The surface concrete is almost completely removed, and the metallic luster of
the aluminum alloy formwork substrate is completely exposed. As shown in Figure 5b,
the microscopic surface of the aluminum alloy formwork is covered with micro-pits of
different sizes and depths. The maximum depth of the pits is about 40 um, which is the
surface damage caused by concrete gravel extrusion and early high-pressure water abrasive
washing during the application of the aluminum alloy formwork. Figure 5c shows the
exfoliation collected after laser cleaning. The exfoliation is a micro flake structure containing
fine aggregate. After absorbing a high-energy laser, the temperature of concrete sharply
rises, which forms a higher temperature gradient with the aluminum alloy substrate, and
forms thermal stress. However, the isolation agent between concrete and aluminum alloy
has no bonding effect, and the connection strength is much less than the thermal stress,
which leads to a regular peeling off of the exfoliation.

Figure 5. Typical surface micro-morphology after cleaning at (D) in area A: (a) 2D view; (b) 3D view
and measured value; (c) the exfoliation collected after laser cleaning.

4.2.2. The Surface Topography of Area B That Cannot Be Cleaned

Figure 6 shows the surface morphology at @~ in area B that have not been com-
pletely cleaned. By observing Figure 6a,b, it can be found that before the surface residue
of the thin slurry area (2) is cleaned, some of the metal substrate is exposed (indicated by
the red dot arrow), and the attachment layer in some areas is not completely peeled off.
Due to the isolation agent, the residue showed warped scales. The micro-morphology
after removal of the residue shows that the thin residual layer with cement as the main
body is still attached, and the exposed metal area and the residual area are intertwined and
distributed. According to Figure 6¢,d, it can be found that no obvious cleaning exfoliation
can be found on the surface of the concrete layer in the thick slurry area (3), and there are a
large number of pits (indicated by the yellow arrows) and semi-exposed tiny aggregate
(indicated by the red arrows) on the surface. The depth of the deeper pit is about 110 pum.
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However, in the range of visual distance, there is one fresh pit, and the surface color of
the other pits is the same as that of the protruding surface. According to Figure 6ef, it
can be found that the height of the residual block at () in area B after repeated cleaning is
about 360~480 um, and its surface color is darker. There is one fresh pit (indicated by the
yellow arrow) within the visual range, while the other pits have a similar surface color to
the protruding surface.

Figure 6. Typical micro-morphology at @~(@® in area B: (a,b) morphology at ); (c,d) morphology at
®; (e,f) morphology at @.

By comparing the above results, it can be concluded that the laser can effectively clean
the concrete on the surface of the aluminum alloy formwork for architectural concrete
pouring that has been dismantled in a short period of time. However, when the concrete
remains on the surface of the aluminum alloy formwork for a long time, the removal
efficiency and quality of laser cleaning are low.

4.3. Surface Hardness Test of Aluminum Alloy Formwork after Laser Cleaning

As shown in Figure 7a, the surfaces adjacent to areas A and B are selected to test the
hardness of the cleaned and uncleaned but completely exposed aluminum alloy formwork
substrate. The measured values are shown in Figure 7b. The results show that under the
action of instantaneous thermal shock of the pulsed laser, the surface of the aluminum alloy
template is hardened to a certain extent, and the surface hardness is slightly improved. It is
beneficial to improve the wear resistance and service life of the aluminum alloy formwork.
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Figure 7. (a) Vickers hardness test sample; (b) Hardness test result.

5. Mechanism Discussion
5.1. Laser Cleaning Mechanism of Thick Concrete Slurry Layer

As shown in Figure 8, when the laser hits the surface of the concrete layer, the tiny
aggregates and cement compounds in the concrete absorb the laser energy at the same time.
The thermal conductivity of concrete is poor, and the local temperature of the irradiated
area rapidly rises. However, it is not enough to make high temperature resistant aggregate
(main component SiO;) and cement slurry ablation and gasification. Therefore, concrete
cannot be removed by ablation and gasification as easily as paint and other organic matter.
However, there is an interface transition zone between concrete aggregate and cement
slurry, and its structure is loose and there are many air bubbles and water bubbles. Their
volume violently expands under high temperature, which leads to explosions and impact
peeling. The tensile strength of concrete is only 1/10 of the compressive strength. Under
the above impact, the tiny aggregate and mud all break away and fly out, forming fine dust
to achieve the purpose of cleaning and removal.

Pulse laser Air and water
- explode .
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Figure 8. Laser cleaning mechanism of thick concrete slurry layer.

After the concrete layer is placed for a long time, the water content of the loose tissue
of the transition layer decreases or evaporates. The insufficient energy of steam explosion
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caused by air bubbles heating can only cause a small amount of aggregate with a weak
binding force to explode, crush, and peel, as shown in Figure 6¢—f.

Therefore, the air bubbles and water bubbles in the transition interface layer between
the concrete aggregate and the cement slurry instantly absorb high-energy laser gasification
explosion and form an impact pressure wave. This is the main mechanism of laser cleaning
to remove the thicker concrete slurry layer.

5.2. Laser Cleaning Mechanism of Thin Concrete Slurry Layer

As shown in Figure 9, the residual thin paste layer of concrete is mainly composed
of cement paste and smaller aggregates dispersed in it. After laser irradiation, the main
cleaning mechanism of aggregate and cement slurry is that the air bubbles and water
bubbles in the interface transition zone are gasified at a high temperature, and finally the
smaller aggregate is removed by blasting impact. Because the cement layer is thin, the
impact of blasting will cause cracks in the thin cement layer and transfer along the surface
of the aluminum alloy substrate. It can force the cracked cement layer to leave the surface of
the aluminum alloy substrate with the isolator, forming a flake cleaning material collected
from Figure 5c.

Pulse laser N
A t
regate
Cement geree _1

Aluminum alloy formwork for building

Figure 9. Laser cleaning mechanism of thin concrete slurry layer.

However, the thin slurry layer, which has been placed for a long time, has less water
content and insufficient impact force of an air steam explosion, so it is difficult to produce
enough cracks in the thin slurry layer. At the same time, the cement layer is resistant to
high temperatures and cannot be directly removed by gasification after laser action. The
poor thermal conductivity of cement leads to the deterioration of laser thermal vibration,
which can only form the incomplete separated scale residue shown in Figure 6a.

In summary, the concrete layer mainly consists of aggregate and cement, and their
interface transition area has a loose structure and low strength. The shock wave formed by
the gasification explosion of air bubbles and water bubbles in this area after absorbing high-
energy laser is the main mechanism of cleaning architectural aluminum alloy formwork
by laser.

Figure 10 is a mechanism diagram of the laser cleaning and removal of multi-component
structure materials represented by concrete structures. The multi-component structure
substances contain materials with low vaporization temperature or high thermal expansion
coefficient, which rapidly expand and deform or form a blast after absorbing a high-energy
laser. Therefore, based on this effect, we can add water and other substances that are easy to
vaporize and form explosions when cleaning some materials, so as to improve the cleaning
efficiency and ability.
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Figure 10. Mechanism diagram of laser cleaning materials with multi-component structures contain-
ing substances with low vaporization temperatures or high thermal expansion coefficients inside.

6. Conclusions

In this paper, based on the laser cleaning device built by a high-energy and high-
frequency nanosecond pulse laser, we carried out laser cleaning experiments on the residual
concrete layer on the surface of the aluminum alloy formwork with different thicknesses
and disassembly times. Finally, the following conclusions were obtained:

(1) The residual time of concrete residue on the surface of aluminum alloy formwork
for concrete pouring will affect the quality of laser cleaning. For concrete with a short
residual time, lasering can realize high-efficiency and high-quality cleaning. Using the
experimental system and process parameters in this paper, the cleaning rate was 6.5 min
per formwork, which has high engineering application feasibility. However, for concrete
with a long residual time, the efficiency and quality of laser cleaning were poor.

(2) The nanosecond pulse laser will not cause secondary damage to the surface of
the aluminum alloy formwork. It can strengthen the hardness of the surface of the alu-
minum alloy formwork. After laser cleaning, the surface hardness of the aluminum alloy
formwork is slightly improved, which helps to improve the durability of the aluminum
alloy formwork.

(3) The air bubbles and water bubbles in the loose concrete structure instantaneously
absorb the high-energy laser, causing the concrete aggregate to continuously explode. This
is the main mechanism for laser cleaning to remove the concrete adhesion layer on the
surface of aluminum alloy formwork.
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