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We report on the direct generation of the high-power optical vortices at ~2.7 pm
froman Er:Y,Oz ceramic laser end-pumped by an annular pump beam using a simple
capillary fiber-based pump beam conditioning scheme. Taking advantage of the
thermal gradient on the gain medium and mode matching between the pump and
oscillating modes, vortex beams with a controllable topological charge order of [ =
1and (= 2 were successfully achieved. The laser yields 4.65 W of output power at an
absorbed power of 19.8 W, corresponding to a slope efficiency of 25.9% with respect
to the absorbed pump power. Adaptable beam profiles from a shallow crater-shape
to quasi-top-hat intensity patterns were directly produced by actively defining the
gain distribution in the ceramic, generating 4-W shallow crater-shape beams and
3.9-W quasi-top-hat beams, corresponding to a slope efficiency of 22.0% and 22.7%,
respectively. Such optical vortices and tailored spatial intensity profiles in the 3-pm
spectral region will enable novel applications, such as super-resolution molecular
spectroscopy and material processing.
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1 Introduction

Optical vortices characterized by a helical phase variation and a donut intensity spatial
distribution carry orbital angular momentum (OAM) of Ih per photon in the beam, where [ is
the topological charge or vortex order [1-3]. Coherent sources of the vortex at different
wavelengths have found widespread applications in science and technology, including the
presence of an extra degree of freedom for improving the channel capacity in optical
communications [4], quantum communications [5], super-resolution optical microscopy
[6], optical trapping, and manipulation [7, 8]. In particular, optical vortex sources that
operate in the mid-infrared region, where rich spectroscopic signatures exist [9, 10], will
open up the prospects for super-resolution molecular spectroscopy and microstructure
fabrication. Common methods used for generating optical vortices are mainly based on
external mode converters, such as spiral phase plates (SPPs) [11], q-plates [12], cylindrical
lenses [13], or spatial light modulators (SLMs) [4]. These techniques suffer from at least one of
the common drawbacks, such as low wavelength coverage, power handling limitation, and high
cost. For example, material dispersion restricts SPP’s effectiveness to discrete wavelengths, and
thus, it is difficult to produce broadband vortices. SLMs and q-plates usually suffer from a low
damage threshold and thus are difficult for high-power operation. Non-linear frequency
conversion techniques [14-16], ie., optical parametric oscillators (OPO) or optical
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FIGURE 1
Schematic diagram of the Er:Y,Oz ceramic laser.

parametric amplifiers (OPAs), could be an alternative way, providing
high power and wavelength-versatile vortices, while the generated
topological charge depends highly on the input near-infrared vortex
beams [16].

In recent years, “direct generation” techniques have evolved as a
simple and efficient route for producing optical vortices [17-20].
Employing a spatially structured pump beam based on a mode-
matching principle, optical vortices can be directly generated in a
robust laser resonator with advantages of power scalability and high
beam quality [18-20]. So far, great efforts have been made to produce
optical vortices in the visible and near-infrared spectral regions [18-22],
while the exploitation of vortex beams in the mid-infrared spectral region
is relatively scarce. In 2019, the first 2.7-um optical vortex beam was
directly generated from an Er:Y,O; ceramic laser and due to the
additional insertion loss and serious thermal issues, the output power
of the LGy; mode was less than 125mW [23]. Recently, by using
polycrystalline Fe:ZnSe as a saturable absorber (SA), the Q-switched
LGy, mode from a 2.7-um Er:YAP laser was demonstrated [24].

In this paper, we demonstrate the high-power optical vertex operation
of an Er:Y,0; ceramic laser at ~2.7 um. A ring-shaped pump beam was
employed to spatially match the desired LGy mode in the laser resonator.
Benefits from mode matching between the pump and lasing mode and
proper thermal gradient on the ceramic, controllable topological charge
order of [ = 1 and [ = 2 are successfully produced. The laser generated
4.65 W of output power for an absorbed power of 19.8 W, corresponding
to a slope efficiency of 25.9% with respect to the absorbed pump power.
Direct generation of adaptable beam profiles from a shallow crater shape
to quasi-top-hat intensity patterns are achieved by actively defining the
gain distribution in the ceramic. The laser produced 4 W of output with
shallow crater-shape intensity profiles and 3.9 W of quasi-top-hat
intensity profiles, corresponding to a slope efficiency of 22.0% and
22.7%, respectively. This study, to the best of our knowledge,
represents the highest output power of optical vortices directly
generated from a solid-state oscillator in the 3-um region and the first
direct generation of adaptable beam profiles in this spectral region.

2 Experimental setup

Schematic representation of the experimental setup is shown in
Figure 1. An Er:Y,03 ceramic which was grown in the house via co-
precipitation with an Er** doping level of 7.0 at% and length 13.5 mm

Frontiers in Physics

Capillary fiber F1

B

IC
H i Translation direction
HE E B
[} 1

10.3389/fphy.2023.1119263

was used as the gain medium. Furthermore, details can be found in
[25]. The ceramic was water-cooled using a copper heat sink
maintained at a temperature of 15°C to alleviate thermal loading.
The pump source was provided by a high-brightness 976-nm laser
diode with a delivery fiber of 105-pm core and 0.22 NA. The output of
the laser diode was spectrally narrowed, and the wavelength was
stabilized with a volume Bragg grating to have a line width of ~0.3 nm.
To produce the required ring-shaped beam profile, the output from
the laser diode was launched into the annular waveguide of a capillary
fiber with a 300-pum diameter inner-cladding and a 110-um-diameter
air-hole in the center. The reformatted pump beam from the capillary
fiber was imaged into the Er:Y,O; ceramic using a telescope
configuration with a waist outer radius of ~320 um and an inner
“hole” radius of ~110 pm. The inset of Figure 1 shows the spatial
pattern evolution of the pump beam after passing through F2. The
pump beam has an expected annular near-field intensity distribution
and which could maintain at a distance of ~14 mm, covering the entire
length of the ceramic. At the position away from the focal plane, the
pump beams gradually evolve into a Gaussian-like profile (see the inset
of Figure 1). Thus, to spatially match the intensity distribution for the
desired LGy, mode, the ceramic was located at the position where the
pump beam with the annular intensity distribution could preserve
over the entire length of the ceramic.

The Er:Y,O; ceramic laser resonator comprised a plane input
coupler (IC, anti-reflective coated of T >85% at ~980 nm and high
reflectivity R >99.8% at 2.65-2.95 um) and a plane output coupler
(OC) with 10% transmission at the lasing wavelength and a
transmission of T >85% at the pump wavelength. A 45° dichroic
mirror (DM) was used as a beam splitter to filter the residual pump
light in the output beam. Output power and spectrum were recorded
using a power meter (Ophir, 3 A-PF-12) and an optical spectrum
analyzer of 50-p.m. resolution (AQ6375B, Yokogawa). The pump and
output beam profiles were monitored with the aid of an infrared CCD
(Xeva-1.7) and a mid-infrared CCD camera (WinCamD-IR-BB),
respectively.

3 Results and discussion

The Er:Y,0; ceramic laser output power, as a function of absorbed
pump power, is shown in Figure 2. The laser reaches a threshold at an
absorbed pump power of ~1.53 W and generated 4.65 W of output
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FIGURE 2
Dependence of the output power and transverse patterns on the
absorbed pump power.

power at an absorbed power of 19.8 W, giving a slope efficiency of
25.9% with respect to the absorbed pump power. In comparison with
the performance of a previously reported 2.7-pm vortex laser oscillator
[23, 24], the output power achieved in the present study was improved
by one order of magnitude and the high slope efficiency could be
attributed to the mode matching between the annular pump beam and
the LGy, mode [26]. We monitored the stability of the output
transverse modes and found that it was not maintained with
increasing pump power. The inset in Figure 2 shows the output
transverse mode profiles at different pump powers. Near the lasing
threshold, we observed that output beam profiles were not stable but
changed over time. The TEM,, mode occasionally appeared, but the
primary pattern was a petal-like structure with two lobes, which was a
result of the coherent superposition of the LGy; modes with opposite
helicity [23]. By further increasing the pump power and slightly
misaligning the resonator, a clear donut-shaped intensity profile
was successfully generated, which is indicative of the single LGy,
mode and which was sustained in the pump range from 3.4 to 15.7 W.
As the absorbed pump power increased to over 15.7 W, the higher-
order LGy, mode was excited.

The underlying mechanism for generation of LG,; modes in an
annular pumping scheme can be explained by the mode selection rule.
According to the relationship Pth oc Ay [26], the lasing mode that
better matches a smaller effective pump (A.g) area exhibits a lower
laser threshold and, thus, preferentially oscillates. The effective pump
area A for the LGy, modes can be given by [26]

. n(b* - a?) .
Zi:o (,L-)! [(%)H exp(_%) _ (%)H eJCP(‘%)]

where wy is the TEM,, mode waist radius, and a and b are the inner

Agy = (1)

and outer radii of the ring-shaped pump beam, respectively. Figure 3
shows the calculated A values for the LGy (I = 0, 1, and 2) modes
with respect to the TEM, mode waist (w,) using the pump size in our
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case (an inner radius of 110 pm and an outer radius of 320 um). As can
be seen, for wy>~ 290 um, a TEM, mode has the lowest A.¢value and,
thus, will be excited preferentially. Decreasing the beam waist to the
range of 205 pum <w, < 290 um, the LGy; mode will be excited.
Furthermore, reducing the beam waist to w, < 205 pm, a higher-order
LGy, mode can be produced. Therefore, the observed higher modes,
i.e., LGy, could be explained by that the increased thermal gradient at
high pump powers gives rise to serious thermal lens effects, which
reduces the sizes of oscillating modes and makes the higher-order
mode match well with the pump beam [27].

To confirm this assumption, we measured the thermal focal length
(fth) at different ranges of the absorbed pump power. The inset of
Figure 3 shows the optical power thermal lens (1/fth) at an absorbed
pump power of 7.1 W, 10.7W, 14.1 W (experimental LG, mode
output), and 18.8 W (LGp, mode output). As can be seen, the
thermally induced focal length fth decreased with the increase of
the pump power, and consequently, the beam size of the TEM,, mode
was calculated and found to be decreased monotonically based on the
ABCD matrix, as shown in the inset of Figure 3. To be clear, the
calculated mode sizes are depicted in Figure 3 as orange and red dotted
lines. As can be seen, the experimentally observed LGy; mode (red
dotted line) and LGy, mode (orange dotted lines) fall into the
theoretical modeled mode region of the LG, mode and LG,
mode, respectively. The close agreement between experimental
results and the theoretical model is indicative of the LG,; mode
excitation and was selected by mode matching, and the topological
charge orders were thermally driven.

The normalized transverse intensity distributions of the LGy,
mode and LGy, mode output, as a function of the radial position,
are shown in Figure 4A. According to the radial intensity distributions
for the LGy, mode, Iy;(r, 8, z) is obtained as follows [28]

2 1 212\ 2 )
() w@F \w@?) “P\ wiz?

where w(z) is the transverse beam radius, and the theoretical intensity
distributions of the LGy; mode and LGy, mode are depicted as green

IO,I (r) 0) Z) =

and black curves, respectively, in Figure 4A. As can be seen, the
measured transverse intensity is in close agreement with the
theoretical intensity profiles, which further confirmed the excited
laser modes are indeed LGy; and LGy, modes. Typical lasing
spectra of the ceramic laser are shown in Figure 4B, and dual
wavelength operation at ~2,717 nm and ~2,740 nm was observed.
To select a pure LGq,;, LGg,z (or LGo_;, LGg-,) mode, an
asymmetric cavity loss was introduced by slightly misaligning the
OC [29, 30]. The helicity was confirmed by detecting its interference
pattern by using the homemade Mach-Zehnder interferometer. As
seen in the inset of Figure 4B, the typical fork-shape stripes with one
fork indicate that the laser beam oscillated in a pure LG, ; mode with
I=+1. Wealso tried to fine-tune the OC to obtain the LG, _; mode and
LGy +» mode, while they were detected but difficult to be maintained
over time. Furthermore, the LG, _; and LGy., mode output with
stable well-defined helicity could be achievable by inserting an etalon
in the laser resonator to additionally introduce distinguishable loss for
the opposite helicity [18, 23].

To further explore the tunability on output beam profiles, we then
carefully define the gain distribution in the laser ceramic. This is
achieved by adjusting the location of lens F2 against the pump
direction to actively control the pump beam intensity distribution
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hat modes.

in the ceramic, as shown in Figure 1. In other words, benefitting from
the pump beam intensity distribution evolution dynamics, the pump
region in the ceramic will be fulfilled from annular pump intensity
distribution to the existed partial Gaussian-like intensity distribution
with gradually translating F2. This combined pump intensity provides
available gain in the central volume of the pumped region, which has
the highest overlap with TEM, modes. Therefore, under appropriate
pump conditions, the laser will operate in the multimode and the
output intensity profile depends on the pump intensity profiles in the
ceramic. By continuously translating F2, we observed that the
produced beam profiles ranged from the annular intensity pattern,
to a shallow crater-shape distribution and, finally, to a quasi-top-hat
distribution. Figures 5A, B show the produced shallow crater-shape
distribution  pattern,

distribution pattern and quasi-top-hat

respectively. By fitting the normalized transverse
distributions with the theoretical model [31], it is indicative that
the output profiles are an incoherent superposition of the TEMg,
and LGy, modes. The laser output power as a function of absorbed

pump power for both beams is shown in Figure 5C. The laser yielded

intensity

4 W and 3.9 W of output power for shallow crater-shape beams and
quasi-top-hat beams, respectively, at an absorbed pump power of
19.8 W. The corresponding slope efficiency was 22.0% and 22.7%,
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respectively, with respect to absorbed pump power. The tailored
spatial intensity profiles in the 3-um spectral region will benefit a
range of novel applications, such as scientific research and material
processing technology.

4 Conclusion

In summary, we have demonstrated the direct generation of high-
power LGy beams (I = 1, 2) from an Er:Y,03 ceramic laser in the 3-pm
spectral region. The pump beams were tailored to possess an annular
intensity distribution using a simple capillary fiber to spatially match
the desired LG(; mode in the laser resonator. Based on the theoretical
model for mode selection, we show that the laser was thermally driven
and a proper thermal gradient on the ceramic enable the generation of
vortex beams with controllable topological charge orders of I = 1 and
I =2, and no obvious reduction in optical efficiency is observed. The
laser generated 4.65 W of output power for an absorbed power of
19.8 W, corresponding to a slope efficiency of 25.9% with respect to
the absorbed pump power. Using a simple strategy to define the
appropriate gain distribution in the ceramic, spatial intensity
distributions ranging from a shallow crater-shape to a distribution
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with a quasi-top-hat profile were successfully produced. The laser
generated 4 W of output with a shallow crater-shape and 3.9 W of
quasi-top-hat intensity profiles, corresponding to a slope efficiency of
22.0% and 22.7%, respectively. Such optical vortices and tailored
spatial intensity profiles in the 3-pum spectral region will benefit a
range of novel applications, such as super-resolution molecular
spectroscopy and fabrication of chiral organic materials.
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