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Vortex beam, particularly pulsed vortex laser, has expanded the potential applications in optics due to their
unique wave-front phase structure and the determined photon orbital angular momentum. In this study, we
present a novel approach including the integration of fused silica embedded with silver nanoparticles (Ag:SiO2)
into the Nd:YAG waveguide platform for achieving nanosecond vortex pulses. Using a spiral phase plate for in-
cavity phase modulation, we successfully demonstrate a Q-switched vortex laser with a high repetition rate in the

megahertz range and short pulse width in the nanosecond regime. Additionally, we conduct a comprehensive
analysis of the near-field distributions of Ag nanoparticles with varying sizes and distributions using COMSOL
simulation. This study exemplifies the integration of silica-based photonic elements for realizing a high-stability
and cost-effective nanosecond vortex laser system.

1. Introduction

Vortex beam, carrying the orbital angular momentum (OAM) of l#
per photon [1], plays an irreplaceable role in various applications [2-4],
such as optical tweezer manipulation [5-7], optical communication
[8,9], quantum information storage and quantum cryptography [10,11].
Additionally, vortex beams offer promising applications in material
machining [12,13], microscopy and imaging [14-16], strong-field
physics [17]. To date, researchers have successfully realized
continuous-wave (CW) vortex beams by incorporating various modu-
lation elements into the resonator [18-23]. It is worth noting that pulsed
vortex lasers exhibit excellent performance in optical processing due to
high peak power and repetition frequency [13,24]. The interaction be-
tween vortex pulses with particles leads to nonlinear effects, making
them indispensable in microscopic particle manipulation [25,26].
Hence, pulsed vortex lasers play an increasingly important role in
various application fields, and the generation of pulsed vortex lasers has
attracted much attention [27-30].

It is well known that pulsed lasers are typically realized by mode-
locked and Q-switched operations, and the saturable absorber (SA)
plays a crucial role [31]. In contrast to conventional semiconductor
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saturable absorber mirrors, novel two-dimensional (2D) materials
featuring narrow bandgaps and strong light-matter interactions have
proven effective as saturable absorbers [32-34], enabling the realization
of pulsed laser. While, the 2D materials are prone to oxidation when
exposed to air for extended periods, which hinders the improvement of
the stability of lasers. Recently, noble metallic nanoparticles (NPs)
attracted renewed interest in the field of pulsed laser generation and
researchers have successfully modulated the nonlinear response of
dielectric materials by incorporating the embedded noble metallic NPs
within them [35-37]. The main mechanism is the localized surface
plasmon resonance (LSPR) effect, which occurs due to the interaction
between the incident photoelectric field and the metallic NPs [38-40].

Optical waveguides play a fundamental role in integrated photonics
systems [41,42]. The waveguide structure provides strong optical
confinement, leading to a significant increase in optical intensity within
the waveguide geometry while maintaining the original optical perfor-
mance of the bulk material [43]. Cladding waveguides, which can be
integrated with standard fibers, are capable of supporting single-mode
guidance and are particularly suitable for high-power lasers with high
beam quality, especially in Q-switched and mode-locked operations
[44]. Various methods have been employed for cladding waveguide
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Fig. 1. Schematic diagram of the Ag:SiO, system formed by implanting Ag NPs into SiO,. Inset: schematic diagram of Ag:SiO; cross-section.
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Fig. 2. Morphology and distribution characterization of NPs. (a) Cross-sectional TEM of Ag:SiO, in the near surface region. The element mapping image is shown as
inset. (b) TEM image of the distribution of NPs. (¢) HRTEM image of the NPs. (d) The ion distribution of Ag™ ions implanted SiO, calculated by SRIM. (e) The size

distribution of Ag NPs based on TEM image.

fabrication, including ion/proton exchange, ion-beam implantation/
irradiation, and femtosecond laser direct writing (FSLDW) technology.
Among these techniques, FSLDW creates tracks within the YAG crystal
with reduced refractive index. The waveguide core is usually encircled
by multiple tracks, forming Type II and Type III configuration wave-
guides. Therefore, the ultrafast laser writing is a powerful and promising
method to fabricate optical waveguides with diverse geometries
[43,45].

In this study, we demonstrate that the integration of SiOy with Ag
NPs can be used as a saturable absorber for achieving a nanosecond
vortex laser in Nd:YAG cladding waveguide with “ear-like” structure.
The linear absorption response of Ag:SiO, is measured experimentally
and simulated. By open-aperture Z-scan method, Ag:SiO5 shows an
obvious saturation absorption behavior in the near-infrared region,

which can be attributed to the LSPR of the encapsulated Ag NPs. Based
on Ag:SiO3 SA, a Q-switched vortex laser with a repetition rate of 6.824
MHz and a pulse width of 28 ns on Nd:YAG waveguide platform. This
work marks a major breakthrough in developing the utilization of
silicon-based photonic devices in Q-switched laser systems, presenting
fresh opportunities for achieving cost-effective and high stable Q-
switched vortex laser systems.

2. Ag:SiOy sample characterization

The process of fabricating the Ag:SiO system is illustrated in Fig. 1.
Ag ions are injected into SiO using an ion implanter (LC22-IC0-01) with
an energy of 160 keV and ion fluence of 1 x 107 jons/cm?, resulting in
the formation of NPs when the concentration of metal atomic monomer
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Fig. 3. Characterization of linear optical absorption. (a) Experimental linear absorption spectra of Ag:SiO.. (b) Simulated linear absorption spectra of Ag:SiO, based
on small-sized Ag NPs array model. Inset shows the electric field distribution of small-sized NPs under excitation of the laser with the wavelength of 410 nm. (c)
Simulated linear absorption spectra of Ag:SiO based on large-sized Ag NPs array model. Inset shows the electric field distribution of large-sized NPs under excitation
of the laser with the wavelength of 610 nm. (d) Simulated linear absorption spectra of Ag:SiO, based on both large and small-sized Ag NPs array models. Inset shows
the electric field distribution of the NPs under excitation of the laser with the wavelength of 1030 nm.

exceeds the solid solubility threshold of the dielectric material. This
leads to the assembly of SiO5 encapsulated with Ag NPs. Cross-section
schematic diagram of Ag:SiO; is depicted in Fig. 1. The morphology
and distribution of Ag NPs are characterized by TEM (Talos F200X), as
presented in Fig. 2(a)-(c). It can be clearly seen from Fig. 2(a) that the
implanted Ag™ ions spontaneously aggregate to form the Ag NPs. The Ag
element mapping image, shown in the inset of Fig. 2(a), further confirms
the formation of Ag NPs. The average depth of the NPs layer is 70 nm,
which is consistent with the calculated results (Fig. 2(d)) by the Stopping
and Range of Ions in Matter (SRIM 2013). As shown in Fig. 2(b), the size
of large-sized NPs layer is roughly between 35 nm-40 nm. In addition,
there are discrete small-sized NPs distributed near the large-sized NPs
layer and the surface. The corresponding statistical information of NPs
size extracted from TEM is displayed in Fig. 2(e). The NPs with di-
ameters ranging from O to 5 nm are the most abundant, accounting for

69% of the total NPs. Fig. 2(c) shows that the morphology of NPs is near-
spherical. And it is worth noting that due to the high NPs volume frac-
tion, the spacing between large-sized NPs is very small, roughly 1.35 nm.

The experimentally measured optical absorbance spectra of Ag:SiOy
is presented in Fig. 3(a). A typical LSPR absorption peak at 410 nm is
clearly characterized, which is consistent with previous report [46-48].
Besides, an additional atypical LSPR main absorption peak at 612 nm is
also observed. At 1030 nm, the absorbance is about 0.49. However, in
the previous report, typical absorption peak almost has no response at
all in the near infrared. To investigate the reasons for the near-infrared
response of NPs, we constructed the three NPs models to explore their
absorption spectra from a theoretical simulation. The first nanocrystal
model, as shown in the inset of Fig. 3(b), consists of NPs with a diameter
of 5 nm and a spacing of 5 nm. From the simulation results, it can be seen
that the LSPR absorption peak of Model 1 is located at 410 nm, with a
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Fig. 4. Femtosecond open-aperture Z-scan characterization of Ag:SiO,. (a) Schematic diagram of the femtosecond open-aperture Z-scan experiment setup. (b) Open-
aperture Z-scan results of Ag:SiO, under the irradiation of femtosecond laser with 340 fs at 1030 nm.
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Fig. 5. Schematic diagram of the Q-switched vortex laser experiment setup. Inset: schematic diagrams of “ear-like” waveguide and single-cladding waveguide.

narrow absorption peak width, which is in consistent with previous
reports [35,49]. The second model, as shown in the inset of Fig. 3(c), has
larger nanoparticle diameter of 37.5 nm and closer spacing of 1.35 nm.
In Fig. 3(c), it can be observed that not only does the typical charac-
teristic peak undergo a redshift, but also a new atypical characteristic
absorption peak appears at 610 nm. This is attributed to the smaller
spacing between the NPs, resulting in stronger coupling between them.
Interestingly, the full width at half maximum of the atypical absorption
peak has significantly widened, thereby broadening the LSPR response
bandwidth of the NPs to the near-infrared range. From TEM (Fig. 2), it
can be seen that the size of NPs near the surface is smaller. About 70 nm
away from the surface, there is a layer of large-sized NPs. In deeper
regions away from the surface, the NPs are smaller in size and more
sparsely distributed. Thus, according to the NPs distribution extracted
from TEM, the third model is conducted, as shown in the inset of Fig. 3
(d). Although the model simplifies the distribution of small-sized NPs, it
does not affect the accuracy of the simulation results. It can be seen that
the simulation results are in good agreement with the experimental re-
sults (Fig. 3(a)). At 1030 nm, the theoretical absorbance is 0.25, slightly
lower than the experimental measurement, which may due to the
increased effective optical path length induced by nanoparticle scat-
tering, thereby enhancing light absorption. Through experimental and
simulation results, it has been successfully demonstrated that the pre-
pared Ag:SiO5 exhibits strong light absorption capability in the near-
infrared range, and is expected to become a nonlinear optical modula-
tion device.

The experimental data and simulation results of linear optical ab-
sorption of Ag:SiO, show that the LSPR response at near-infrared region
is significantly enhanced by the unconventional peak due to the complex
synergistic effect. Hence, further investigation is required to explore the
nonlinear optical response of Ag:SiOs, particularly focusing on its
saturation absorption characteristics. As shown in Fig. 4(a), an open-
aperture Z-scan system with the excitation laser of 340 fs, 25 kHz,
1030 nm is employed. The experimental results of the normalized
transmittances as function of the sample position along the Z-axis is
depicted in Fig. 4(b). The shape of the narrow peak appearing at the
focal point (z = 0) is highly symmetrical, confirming that Ag:SiOy

possesses the valid typical saturable absorption property. In order to
quantitatively characterize the nonlinear optical response, the satura-
tion intensity of 4.94 mJ/cm? and the modulation depth of 20.9% are
obtained by nonlinear fitting of the experimental data. The fitting model
formula is as follows:

AR x I
= / (1-aR) W

I R —
S+1+22/z§

T=|1-

where T stands for the normalized transmittance, Iy is the incident pulse
intensity, I; denotes the saturation intensity, AR represents the modu-
lation depth and the Z, represents the Rayleigh length. The above results
manifest that the saturation absorption properties of Ag:SiO3 at 1 pm
waveband is efficiently modulated by embedded Ag NPs, and indicate
that Ag:SiO; has great potential in Q-switched operation.

3. Ag:SiOy-based Q-switched vortex waveguide laser

To comprehensively evaluate the performance of Ag:SiOy in Q-
switched configuration, it is integrated into Nd:YAG “ear-like” single-
cladding waveguide platform for Q-switched vortex laser. The sche-
matic diagram of the experimental setup is shown in Fig. 5. The Nd:YAG
“ear-like” single-cladding waveguide (prepared by using femtosecond
laser direct writing technology to write additional track lines on both
sides of the single-cladding waveguide track [50,51], the cross-section
diagrams of the “ear-like” single-cladding waveguide and the single-
cladding waveguide are shown in the inset of Fig. 5 respectively) with
the diameter of 25 pm is used as the laser gain medium. A tunable CW Ti:
Sapphire laser (Coherent MBR 110) with a central wavelength of 808 nm
is utilized as pump source to excite the vortex laser with the wavelength
of 1064 nm. A half-wave plate (optical transmittance > 98%) is
employed to control the polarization state of the pump laser. A spherical
planoconvex lens with f = 30 mm is used to couple the pump laser into
the input end-face of the Nd:YAG waveguide. An input mirror (with the
reflectivity of >99.9% at 1064 nm and the high transmittance of 99.75%
at 808 nm), the Nd:YAG waveguide, and a spiral phase plate (topological
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Fig. 6. (a) The output power of the CW vortex laser as a function of absorbed pump power under TE and TM polarizations. The error bars within the symbols of the
data points represent the range of power fluctuations (b) The output power of the CW vortex laser for all-angle polarization. The modal profiles of the CW vortex laser
under TE (e) and TM (f) polarizations. (c) The output power of the Q-switched vortex laser as a function of absorbed pump power under TE and TM polarizations. The
error bars within the symbols of the data points represent the range of power fluctuations (d) The output power of the Q-switched vortex laser for all-angle po-
larization. The modal profiles of the Q-switched vortex laser under TE (g) and TM (h) polarizations. (i) Pulse width and repetition rate versus the absorbed pump
power. (j) Recorded the pulse train of the Q-switched vortex laser. (k) Recorded the monopulse of the Q-switched vortex laser.
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charge: 1; operating wavelength: 1030 nm; optical transmittance >
99%; center wavelength bandwidth: + 35 nm; clear aperture: 4 mm)
make up the waveguide vortex laser cavity. The spiral phase plate not
only serves as an output mirror to provide optical feedback but also acts
as a phase modulation element to transform the fundamental mode
Gaussian beam into the LG beam in the cavity. Output laser is coupled by
a 20 x microscope objective (NA = 0.40), and the pump laser remained
is filtered by a long-pass filter. The power of the output laser is measured
by an integrating sphere photodiode power sensor (Thorlabs, S145C),
and the spot characteristics are collected by a CCD (Charge-coupled
Device).

Initially, the performance of the CW Nd:YAG laser with a flat mirror
as the output coupler is measured to evaluate the waveguide properties.
Under TM polarization, the CW laser shows a maximum output power of
137 mW with a slope efficiency of 38.6%. Under TE polarization, the
maximum output power is 128 mW with a slope efficiency of 36.8%, as
shown in Fig. 6(a). By adjusting the half-wave plate, output power under
full-angle polarization is measured and shown in Fig. 6(b). The fitting
curve is approximately circular, indicating that the output power of the
laser is not affected by polarization. This is because the Nd:YAG crystal
used in the laser is a garnet crystal, belonging to the equiaxial crystal
system, where the optical properties in the n and ¢ directions are
essentially the same. The laser spots collected by CCD under TE and TM
polarizations both exhibit an obvious doughnut shape, as shown in Fig. 6
(e) and 6(f), which is a characteristic sign of a vortex beam.

By inserting the Ag:SiO, SA into the cavity, the Q-switched vortex
laser has been successfully realized. Nevertheless, the insertion of SA
introduces some insertion loss, leading to an increase in the laser
threshold. Compared to the CW laser, the output power of the Q-
switched pulse laser experiences a notable reduction, as shown in Fig. 6
(c) and 6(d). And the Q-switched laser spots under TE and TM polari-
zations both are shown in Fig. 6(g) and 6(h), respectively. The variation
trends of the pulse width and the repetition rate of Q-switched vortex
laser as the absorbed pump power are depicted in Fig. 6(i), it can be
summarized that the pulse width decreases from 52 ns to 28 ns with the
absorbed pump power increasing, simultaneously, the repetition rate is
tunable ranging from 3.761 MHz to 6.824 MHz. The pulse train and the
monopulse of the Q-switched laser are recorded in Fig. 6(j) and 6(k),
respectively. We believe the 28 ns pulse to be the shortest one ever re-
ported for the Nd:YAG waveguide platform to realize Q-switched vortex
laser. The stable nanosecond and megahertz Q-switched vortex laser
further confirms that Ag:SiO, possess excellent saturation absorption
characteristics and can achieve Q-switched operation in the near
infrared band. Significantly, the Q-switched vortex laser show an
excellent environmental stability, because the Ag NPs are buried inside
SiO dielectric material and not easily oxidized.

To further characterize the OAM carried by the vortex laser realized
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Fig. 7. Determination of the topological charge number. (a) The intensity profile of far-field output vortex beam. (b) The intensity profile of vortex beam obtained by
focusing beam with the cylindrical lens. (c) The intensity profile of vortex beam obtained by diffraction through an equilateral triangular aperture. p represents the
radial index; I represents the angular exponent, which is the topological charge of the vortex beam.

on the waveguide platform, the methods of cylindrical lens focusing and
equilateral triangular aperture diffraction are employed to ascertain the
topological charge of the beam. The intensity profile of the vortex laser
collected in the Q-switched laser experimental setup is displayed in
Fig. 7(a), which is in the shape of a doughnut. A cylindrical lens is placed
behind the filter, and the vortex beam with topological charge of N is
focused by the cylindrical lens and displays N + 1 optical bright lines
[52]. Fig. 7(b) illustrates the intensity profile of the laser collected at the
focal position of the cylindrical lens, from which two clear optical bright
lines can be seen. And the focused spot follows the direction of the
antidiagonal, indicating that the topological charge number is +1. In
addition, the equilateral triangular aperture diffraction method is also
used to verify the topological charge of the vortex beam. An equilateral
triangular aperture is placed in front of the CCD, the vortex beam with
topological charge of N diffracted through the aperture presents a
triangular Fraunhofer diffraction pattern, and the number of spots along
one edge of the triangle is N + 1 [53]. The intensity profile of the
diffraction beam is depicted in Fig. 7(c), and the triangular diffraction
pattern is rotated 30° counterclockwise with respect to the triangular
aperture, again proving that the topological charge number is +1.

4. Conclusion

In summary, we report the linear and nonlinear optical absorption
properties of Ag:SiO9, and integrate it as an SA into an in-cavity phase
modulated Nd:YAG waveguide platform to realize a Q-switched vortex
laser at 1 pm band. It is proved that Ag:SiO» can be used as an SA to
fabricate Q-switched vortex lasers with short pulse width and high
repetition frequency. This work not only shows the significant potential
of fused silica embedded with noble metallic NPs in Q-switched laser
system, but also opens the way for the development of low-cost inte-
grated photonic devices based on fused silica, further expands the
broadband application of fused silica materials in various optical sys-
tems and devices.
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