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Abstract: In this paper, the Laguerre-Gaussian (LG) mode superposition is obtained by using the
technology of double-end off-axis pumping Tm:YLF crystal, and the LG mode superposition is
achieved by combining the extra-cavity conversion method. The impact of changing the off-axis
distance on the order of Hermite-Gaussian (HG) mode and the topological charge of LG mode is
studied. The results show that when the off-axis distance of the pump source at both ends is tuned,
when the off-axis distance is in the range of 260 um~845 pm, the single-ended 0~10 order HG mode
can be obtained. Subsequently, the mode converter is placed to obtain the LG mode beam, and the
double-end simultaneously pumps the crystal to obtain the superimposed LG mode. The tuning
off-axis quantity changes the topological charge number. When P =0, [ = I, the superimposed
LG mode is a single-ring spot, and the vortex beam center’s dark hollow area increases with the
topological charge number. When P =0, Iy = —I, the superimposed LG mode is a petal-like spot.
The number of petals differs from the topological charges of two opposite numbers. Finally, in the
case of changing the topological charge number of the double-ended LG mode, the output of the
vortex array structured beams of the tuning mode order 1.9 um Tm:YLF is completed in the case of
conversion and superposition.

Keywords: Hermite—Gaussian mode; topological charge; Laguerre-Gaussian mode; off-axis
superposition

1. Introduction

Vortex beams carry orbital angular momentum (OAM), also called OAM beams [1].
The phase wavefront is spirally distributed, and this spiral phase structure makes the beam
rotate around the center of the beam during propagation. The phase wavefront is spirally
distributed, and this spiral phase structure causes the beam to rotate around the center
of the beam during propagation. It has a higher degree of spatial freedom and can carry
additional information [2]. This feature allows the vortex beam to have a wide range of
applications in optical tweezer technology [3,4], quantum optics [5], super-resolution imag-
ing [6], optical communication [7,8], and other fields. The 1.9 um band has low dispersion
and attenuation and can achieve longer distance optical communication transmission. The
1.9 pm laser technology combined with vortex light can improve the information trans-
mission capacity, channel security, and anti-atmospheric attenuation ability, and has the
advantage of flexibility. Compared with the water absorption peak at 3 pm [9,10], the
1.9 pm band is more suitable for applications such as optical communication. With the
increasing demand for large-capacity optical communication, researchers have gradually
turned their attention from a single vortex beam to a composite vortex beam [11,12].

At present, the methods of obtaining the Laguerre-Gaussian (LG) mode are mainly
divided into direct and indirect methods. The direct method generally uses a spatial light
modulator (SLM) [13-16], spiral phase plate (SPP) [17], and digital micromirror device
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(DMD) [18,19]. The indirect method combines the astigmatic mode converter (AMC) [20,21]
to obtain the LG mode vortex beam. In 2011, Pravin Vaity et al. [22] used an SLM to generate
two coaxial LG mode vortex beams and achieved a maximum of seven-order LG mode
superposition output spots. In 2012, D. Naidoo et al. [23] used the intracavity mode
selection method to generate two Laguerre-Gaussian beams with different topological
charges by SLM and achieved a petal-shaped spot under the superposition of LG modes
within eight orders. In 2020, Mateusz Szatkowski et al. [24] used an SLM to superimpose
two LG modes of different orders and finally achieved the superposition of LGg 4 + LGg 9
modes. In 2018, Shen et al. [25] realized the Hermite-Gaussian (HG) mode within 15 orders
through dual off-axis pumping technology and combined it with an AMC to complete
LG mode conversion. In the same year, Huang et al. [26] obtained the HGg; mode by
directly exciting the vortex light in the cavity and obtained the LG ; mode by rotating the
gain medium. In 2019, Robin Uren et al. [27] used a double-end end-pumped technique
to produce a high-purity HGp; mode. Based on this purity mode, the incident angle of
the HGp; mode is 45°, and the spherical mirror astigmatism converter is placed to obtain
the LG( ; mode with a purity of 94%. In 2021, Liu et al. [28] discovered the conversion of
20-order HG mode to LG mode based on off-axis pumping technology combined with an
astigmatism converter. In 2022, Ding et al. [29] used a matrix laser to pump Yb:YAG/YVOy,
to obtain up to 10 orders of HG mode, and then combined it with an astigmatism converter
to realize LG mode. In the same year, Zhao et al. [30] realized a 17-order HG mode and
wavelength tuning using a single-ended off-axis pumping method. The 16-order LG mode
was achieved by combining the astigmatic converter. In 2023, Sun Ye et al. [31] used off-axis
pumping technology to study the influence of single-ended different pump spot radius
on the purity change of HG mode and realized the LG mode output within eight orders.
In 2022, Liu et al. [32] pumped a Tm:YLF crystal with double-ended off-axis pumping
technology and studied the influence of multi-dimensional regulation on the output of
superimposed evolutionary structured light in the case of double Ince-Gaussian (IG) even
modes. The orthogonal superposition of double IG;, , modes within 10 orders was realized.
Currently, most of the research on LG superposition mode is direct SLM evolution output
and ordinary visible light and near-infrared (near 1 um) laser output, and other extra-cavity
conversion output LG mode is generally non-superposition mode laser output. There
has been no further study on the LG mode superposition phenomenon change in 2 um
wavelength off-axis pumping technology combined with extra-cavity mode conversion.

This paper mainly discusses the dual-end off-axis pumping 1.9 pm Tm:YLF combined
with the extra-cavity mode conversion method to realize the superposition control of LG
mode and obtain a new method for generating composite vortex beams. The superposition
tuning of the HG mode of the vortex beam is realized in the 1.9 um band, and the conversion
from HG mode to LG mode is completed. By changing the off-axis distance, the spot control
of the double LG modes is studied when the radial index is 0 and the topological charge
is different.

2. Theoretical Analysis

The solid-state laser can achieve HG mode output by using end-face off-axis pumping
technology. HG,;,» modes propagate in the Cartesian coordinate system, where m and n
denote the order of the modes in the x and y directions, respectively, and the formula can

be written as follows [33,34]:
+y V2x V2y
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where ClIG = 1/v/m2m+n=1mln! is the normalized constant, x and y represent the trans-
verse and longitudinal coordinate positions of the beam on the plane. z is the coordinate
along the optical axis; zg is the Rayleigh length, zg = kw}/2 = w3/ A; k is the wavenum-
ber; ¢y is the Gouy phase, ¢y = (m + n + 1)arctan(z/zr); w(z) is the beam radius at
distance z, w(z) = wy {1 + (z/zR)z} l/2; and wy is the waist radius of the beam.

To realize the superposition of the double-end off-axis pumping mode, the superim-
posed HG mode is:

HGsuperposition = HGml, 1 (x/ Y, Z) + Hsz, 1y (x/ Y, Z) exp(i(PHG) (2)

After completing the output of the HG mode beam, the mode is converted to obtain
the LG, mode. The LG, ; mode is the orthogonal solution of the paraxial wave equation
in the cylindrical coordinate system. The expression is [35]:

LS / 5\ r2 ,
EGpa(r:8,2)= wézi) <Z:)/EZ)> exp<—w2(z)>LLi (w22(2)> exp(—il$rc)

( .z 12 ) .
xexp| —i——— | exp(i¢rc)

ZR w(z)?

)

In the formula, CILS = /2p!/[7(p + [1])!] is the normalized constant; r and 0 are the
radial and angular coordinates in the cylindrical coordinate system; z is the coordinate along
the optical axis; zg is the Rayleigh length, zg = kw3/2 = w3/ A; k is the wavenumber; ¢ g
is the Gouy phase, ¢;c = (2p + |I| + 1)arctan(z/zgr); w(z) is the beam radius at distance

z, w(z) = wy [1 + (z/zR)z} 1/2; wp is the beam waist radius; [ is the angular index (or the
number of topological charges); and p is the radial index (or radial node number). When
p =0, the LG, ; mode vortex beam spot is a single ring; when p > 0, the LG,,; mode vortex
beam spot is multi-ring. When I = 0, there is no hollow phenomenon. When [ > 0, there is a
hollow phase singularity, and the hollow area increases with the increase I.

So, the superimposed LG mode can be written as follows [36]:

LGsuperposition = LGpl, I (7/ 0, Z) + Lsz, I (1’, 0, Z) eXP(i47LG) 4)

As shown in Figure 1, when the horizontal and vertical directions of the single-ended
HG mode are of the same order, the vortex array structured beams are generated by
orthogonal superposition. Tuning the order of HG mode can realize the phase singularity
change of vortex array structured beams. Then, through the mode conversion of the
astigmatic converter, the LGgyperposition mode with equal topological charge superposition
in the horizontal and vertical directions is obtained.

By changing the topological charge number after the superposition of the double LG
modes, the obtained mode spot is shown in Figure 2. It can be seen in the figure that in
the superimposed LG mode, two equal topological charges or two opposite topological
charges can achieve vortex beam control. This superposition mode provides the possibility
to expand the capacity of space optical communication and assists in the expansion and
deepening of application fields such as space optical communication. Next, the dual-end off-
axis pumping technology is used to experimentally complete the HG mode superposition,
combined with the conversion of LG mode superposition and tuning order to achieve
1.9 um laser evolution output.
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Figure 1. When the HG;y,,» mode is converted to the LG, ; mode, the two ends are superimposed and
tuned to the same order.
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Figure 2. (a) superposition when P =0, I = I;. (b) superposition when P =0, [; = —I,.

3. Experimental Apparatus and Results

The experiment uses two Laser Diode (LD) pump sources with an output wavelength
of 792 nm. The fiber radius of the pump source is 200 um and the numerical aperture is
0.22. In the barrel, two lenses are used to form a coupling lens group. The focal length
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ratio of the focusing lens group is 40:40, and the pump beam with a spot radius of 200 pm
passes through the coupling lens group and enters the crystal. The Tm:YLF crystal with
a doping concentration of 3.0 at. % and a-axis cutting is used as the gain medium. The
crystal size is 3 x 3 x 14 mm, and its two ends are coated with a laser resistance film with
a wavelength of 1.9 um and a pump high permeability film with a wavelength of 792 nm.
Then, the indium foil is wrapped in the crystal and placed on the crystal clip of the external
water-cooled tube. At this time, the cooling temperature of the water cooler is 17 °C. The
laser resonant cavity is designed as an L-shaped plano-concave cavity. The incident side of
the cavity features a total mirror (M2) with a 792 nm attenuated reflection coating (AR) that
has a reflection of less than 0.2%. On the output side, there is a highly reflective coating
(HR) with a wavelength of 1910 nm and a reflection of over 99.8%. Both the total mirror and
the 45° mirror (M1) within the cavity employ the same film system. The Output Coupler
(OC) is a mirror for laser output with a transmittance (T) of 5% (R = 300 mm). The overall
resonant cavity length is 90 mm, where the distance from the total mirror to the front face
of the crystal is 13 mm, the distance from the back face of the crystal to the dichroic mirror
(M1) is 13 mm, and the distance from the dichroic mirror to the output coupling mirror is
50 mm. Off-axis pumping is achieved by moving the pumps at both ends horizontally and
vertically. A 1908 nm focusing lens (F1) with a focal length of f = 100 mm and an astigmatic
mode converter composed of two rows of lenses (f = 25 mm) are placed at the back end
of the off-axis pump to generate LG mode beams. In order to fulfill the condition of
obtaining the converted mode beam between the two column lenses, the distance between
the two column lenses can be obtained as 35.35 mm by the formula d = V2 f. Finally, the
LG mode beam achieved by the conversion of the HG mode and the astigmatism mode
converter generated by the double-end anisotropic off-axis pump superposition is observed
and recorded by the CCD camera. The experimental setup is shown in Figure 3.

;: [
——— — E ot i E "
- - _ = -~
| = -
LD1 Tm:YLF LD2

Figure 3. Diagram of the experimental setup for double-ended anisotropic off-axis pumping superpo-
sition mode conversion.

Based on the above experimental design, the micrometer knobs on the precision ad-
justment frame of two load-bearing coupling mirror barrels are rotated, respectively. When
a single-ended pump generates a horizontal HG mode beam and rotates a micrometer knob
in the horizontal direction, the off-axis distance of the horizontal HG mode can be changed,
thereby changing the off-axis distance. Similarly, the same operation is performed in the
vertical direction, so that the two generated HG beams are orthogonally superimposed,
and their angle is kept unchanged at 90°. The single-ended off-axis pumping HG mode
in the horizontal direction and the vertical direction are measured, respectively. On the
basis of this mode output, an astigmatic converter is placed to adjust the pump power and
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off-axis distance to achieve 0-order to 10-order mode output in the horizontal and vertical
directions of the LG mode.

It can be seen from Figure 4 that by adjusting the off-axis distance, the mode order
changes, and the tuning output of HG mode and LG mode from 1-order to 10-order is
realized. As the number of topological charges in the vortex beam field increases, its
chiral structure becomes more complex. In the optical system, there is a difference in the
excitation off-axis distance between the fundamental mode and the higher-order modes,
where the excitation off-axis distance from the basic mode to the first-order mode is much
larger than that of the other modes. Since the fundamental mode has a more excellent
range of stable gain in the resonant cavity, it is excited more easily. And as the mode order
increases, the off-axis distance gradually decreases, which means that higher-order modes
cannot be clearly distinguished. The beams of different orders generated by the orthogonal
superposition of two-end mode vortex beams can be seen in Figure 5.

Horizontal

Vertical

Figure 4. Off-axis quantities for different orders of conversion from HG mode to LG mode for
single-ended horizontal and vertical directions.
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Figure 5. Conversion process from HG mode to LG mode for the same number of orders.

As shown in Figure 5, the theoretical simulation of mode conversion is experimentally
verified when the double-ended mode order is the same. The conversion from vortex array
structured light to a vortex beam with a dark hollow structure. The experiment agrees with
the theoretical formulation.

After the orthogonal superposition of the mode bipartite ends, the LG superposition
mode is generated in a bipartite manner under the action of the astigmatic mode converter.
Figure 6a,b show the complete process of the change in the topological charge at both ends
of the LG mode in the case of orthogonal superposition after the mode conversion.

The LG mode evolution output is completed with the mode conversion of topological
charge numbers 1 to 10. The topological charge numbers in Figure 6a are 1, 2, 3,5, and 7,
respectively. The experimentally generated LG mode spot has a circular shape, and the
hollow dark spot region of the circular spot increases as the order rises. The experimental
results can be consistent with the simulation results of Figure 2 above, and the change in
the order tuning mode is verified.

In order to obtain a double LG mode with opposite topological charge, when the
off-axis distance of the single end is changed, the off-axis knob moving along the Y-axis
direction is moved to the the-Y-axis direction, so that the LG mode beam rotates, and the
beams at both ends are superimposed. The topological charges of the beam modes at the
tuning ends are opposite, and a petal-like spot with light and dark is generated, as shown in
Figure 6b. P = 0, /is 1 and (—1), 2 and (—2), 3 and (—3), 5 and (—5), 7 and (—7), respectively,
and the number of petals is 2, 4, 6, 10, and 14, respectively. Through experiments, it was
found that the larger the off-axis distance, the higher the number of petals, and the number
of petals is the topological charge difference between the two vortex beams. This shows
that the number of topological charges is closely related to the off-axis distance.



Photonics 2024, 11, 210

8 of 10

Horizontal  Vertical

Figure 6. (a) Superposition when P =0, [; = Ip; (b) superposition when P =0, [; = —I,.

4. Conclusions

In summary, the 1.9 pum HG mode is realized in a single simple resonant cavity by
using the double-end off-axis pumping Tm:YLF technology. At the same time, combined
with the extra-cavity conversion technology, it is converted into the superimposed LG
mode and the evolution output of the topological charge number is tuned based on HG
mode superposition. In the case of orthogonal superposition, the theoretical simulation
and experimental measurement results have a high degree of conformity. The results show
that after the superposition of LG modes, the hollow area of the LG mode spot gradually
increases when the topological charge numbers are equal at both ends, which are 1, 2, 3, 5,
and 7, respectively. The superimposed double LG mode presents a bright and dark petal-
like spot when the topological charges at both ends are opposite. This phenomenon shows
that the tuning off-axis distance has the ability to regulate the formation of vortex array
structured beams. The theoretical and experimental results show that the topological charge
of the superposition mode can be tuned when the topological charge of the double LG
modes is equal or opposite to each other. In this paper, a new evolutionary output method
of 1.9 um mode superposition conversion with double-end off-axis pumping is realized. It
provides a new technical means for the spatial structure tuning of LG mode, which is of
great significance for the further development of large-capacity optical communication.
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