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Abstract. High-order Laguerre-Gaussian (LG) petal-like beams have become a topic of significant interest due
to their potential application in next-generation optical trapping, quantum optics, and materials processing
technologies. In this work, we demonstrate the generation of high-order LG beams with petal-like spatial
profiles and tunable orbital angular momentum (OAM) in the mid-infrared wavelength region. These beams
are generated using idler-resonant optical parametric oscillation (OPO) in a KTiOAsO, (KTA) crystal. By
adjusting the length of the resonant cavity, the OAM of the mid-infrared idler field can be tuned and we
demonstrate tuning in the range of 0 to £10. When using a maximum pump energy of 20.2 md, the
maximum output energy of high-order modes LGy 15, LGo g, and LGy 1o Were 0.8, 0.53, and 0.46 mJ,
respectively. The means by which high-order LG modes with petal-like spatial profiles and tunable OAM
were generated from the OPO is theoretically modeled by examining the spatial overlap efficiency of the
beam waists of the pump and resonant idler fields within the center of the KTA crystal. The methodology
presented in this work offers a simple and flexible method to wavelength-convert laser emission and
generate high-order LG modes.
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1 Introduction factor exp(iZp) (where @ is an azimuthal angle)."” The unique
characteristics of these beams have enabled new techniques in
fields including optical tweezing,** optical manipulation,®’
optical communication,® nano/microfabrication of helical struc-
tured materials,” and spectroscopy.'*"" Laguerre-Gaussian (LG)
modes are eigensolutions of the Helmholtz equation under
cylindrical symmetry, which can be directly generated from a
*Address all correspondence to Taximaiti Yusufu, taxmamat_84@sina.com; laser cavity. LG modes are examples of vortex beams. High-
Yuanyuan Ma, mayuanyuan612 @gmail.com order LG modes that have spatial profiles with petal-like

Optical vortex laser beams possess a phase singularity and a
helical wavefront that twists in the beam’s direction of propa-
gation. Every photon of a vortex beam carries orbital angular
momentum (OAM) of £h, which can be expressed as a phase
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features across their azimuth are an important subset of LG
modes. These modes have garnered significant attention for
their use in manipulation of microparticles,'>" spatial measure-
ment,' and quantum communication.'> Therefore, significant
research effort has focused on developing methods whereby
high-order LG modes with petal-like spatial profiles that can
be selectively generated from a laser system.

One approach for generating these types of LG modes is the
coherent superposition of two optical vortex modes with opposite
azimuthal order.'® These modes can be generated directly within
a laser cavity by controlling the gain/loss of specific cavity
modes using intracavity phase modulating elements'”™" and
mode-selection approaches.””' High-order LG modes with
petal-like spatial profiles can also be generated by pumping a laser
cavity with a ring-shaped pump beam that is slightly offset from
the axis of the laser cavity. This method selectively promotes
mode overlap between LG modes and the ring-shaped pump
beam.”>* Another approach is to make use of defect spots and
patterns within the laser cavity to force the oscillation of high-
order LG modes.” More recently, researchers have used spherical
aberration from a spherical lens to generate ultrahigh-order LG
beams with £ order beyond 300 from an end-pump Nd: YVO,
laser at 1064 nm; this is the highest-order LG mode with a
petal-like spatial profile demonstrated from an experimental laser
system.>>*°

Nonlinear optical processes, such as stimulated Raman scat-
tering, can be used to induce the generation of high-order LG
modes.””® It should be noted that there have been rather few
reports of high-order LG mode generation in the mid-infrared
wavelength region. The capacity to generate such modes in this
wavelength range would be significant and have potential utility
in next-generation optical trapping, quantum optics, and mate-
rials processing applications.

Optical parametric oscillation (OPO) is a nonlinear process,
which has proven effective for the generation of optical vortex
beams in the near-infrared and mid-infrared wavelength
ranges.”** There have however, been few reports concerning
the generation of high-order LG petal-like modes in the mid-
infrared wavelength range using OPOs. Recently, our group
has demonstrated the generation of an off-axis vortex beam
with noninteger OAM states from an OPO with a half-spherical
cavity, resulting from the coherent superposition of Gaussian
and vortex modes inside the cavity.”

In this paper, we report the first demonstration (to the best of
our knowledge) of the generation of OAM-tunable high-order
LG petal-like modes in the mid-infrared region from an idler-
resonant KTiOAsO, (KTA)-OPO pumped by a nanosecond op-
tical vortex source (£, = 1 — 3). This cavity enables the selec-
tive generation of high-order LGy, (¢ = 0 — 10) petal-like
modes (with controllable OAM) in the mid-infrared region by
adjusting the cavity length. Our experimental work is supported
by theoretical modeling that analyzes the spatial overlap effi-
ciency of the beam waists of the pump and resonant idler fields
within the center of the KTA crystal.

2 Experimental Methods

The experimental setup of the mid-infrared OPO generating
high-order LG modes with petal-like spatial profiles is shown
in Fig. 1. A flash lamp pumped Q-switched Nd:YAG laser
that had a Gaussian output beam, pulse width of 25 ns, pulse
repetition frequency of 50 Hz, and emission wavelength of
1064 nm was used as the pump source. A half-wave plate,
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Fig. 1 Schematic showing the layout of the system used to gen-
erate mid-infrared high-order LG modes from a vortex-pumped
optical parametric oscillator.

thin-film polarizer, and Faraday rotator (isolator) were used to
control the power of the pump beam and prevent backreflection
into the laser cavity. Multiple spiral phase plates (SPPs) (azimu-
thally divided into 16 parts with an nz/8 phase shift) were com-
bined to convert the pump beam into an optical vortex beam.
Using different arrangements of SPP, the topological charge 7
of the pump beam could be changed from 1 to 3. A half-wave
plate was used to adjust the polarization of the pump vortex beam
so0 as to optimize phase matching within the OPO. Using a lens
with a focal length f = 750 mm, the pump vortex beam was
focused to a spot with a waist of 380 um (¢, = 1), 474 um
(¢, = 2), and 510 pm (¢, = 3) at the center of the KTA crystal.

The idler-resonant KTA-OPO had a hemispherical cavity
comprising a concave input mirror (IM) with a radius of curva-
ture R = 100 mm and a plane output coupler (OC). The IM was
antireflection-coated for 1.064 ym and high-reflection-coated
for 1.3to 5 um (R = 99%); the OC was coated partially reflect-
ing (R =~ 80%) for the idler beam and high-transmitting for the
pump and signal beams. A type II noncritically phase-matched
KTA crystal (x-cut, 6 = 90 deg, ¢ = 0 deg) with dimensions
of 5 mm x 5 mm x 30 mm was used in the OPO. Both sides of
the crystal were antireflection-coated for the pump, signal, and
idler fields in order to minimize loss. The OC was mounted on a
one-dimensional translation stage, and the geometrical length of
the cavity (L) was varied in the range of 32 to 90 mm by moving
the OC along the optical axis. The IM and KTA crystal were
then fixed. A Ge filter was used to separate the idler output from
the undepleted pump and signal outputs.

3 Results and Discussion

In these experiments, we first generated high-order LGy .,
modes with tunable topological charge by varying the resonant
cavity length of the OPO. The spatial intensity profile of the
pump beam was recorded using a CCD camera (Spiricon
BGS-USB-SP620) and that of the signal and idler beams using
a pyroelectric camera (Spiricon Pyrocam III, spatial resolution
of 75 yum). When the OPO was pumped with a first-order optical
vortex ¢, = 1 [spatial profile shown in Fig. 2(a)], the signal
field was generated with a similar spatial profile, as shown in
Fig. 2(c). The OAM characteristics of the pump and signal
beams were examined using the tilted lens method.* The spatial
profiles of the pump and signal beams after being focused
through the tilted lens are shown in Figs. 2(b) and 2(d),
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Fig. 2 Images showing the spatial intensity distribution of (a) the
free-space and (b) focused (through a tilted lens) pump vortex
beam with OAM = 1. Images of the spatial intensity distribution
of (c) the free space and (d) focused (through a tilted lens) signal
beam. (e4)—(es) The experimentally obtained spatial profiles of
the idler beam for a range of cavity lengths. (f;)—(fs) The corre-
sponding theoretically modeled spatial intensity profiles of these
beams.

respectively. In both cases, the presence of two lobes at the focal
plane confirm the order of both the pump and the signal vortex
beams to be £ = 1. This result is in agreement with the conser-
vation of OAM within an OPO wherein the OAM of the pump
beam is transferred to the nonresonant signal beam. Generally,
the idler beam should exhibit a Gaussian spatial profile, how-
ever, this was not always observed in this work. The spatial pro-
file of the idler beam (as recorded using the pyroelectric camera)

Theoretical Idler field

for a range of resonant cavity lengths is shown in Figs. 2(el)-
2(e6). It can be seen that the spatial intensity profile of the idler
beam changes with the cavity length. Here, the order of the idler
beam LG mode (and the number of petals in the spatial profile)
can be increased by decreasing the length of the resonant cavity.
The theoretically modeled spatial intensity profiles of the gen-
erated LG modes are shown for comparison in Figs. 2(f1)-2(f6).
There have been a number of publications reporting the gener-
ation of similar mode shapes directly from a laser cavity.””*
These mode shapes can arise from the coherent superposition
of LG modes with opposite azimuthal order oscillating within
the laser cavity (such modes can freely oscillate within the cav-
ity if no additional mode-control elements are used).

To further investigate the generation of high-order LG petal-like
modes, the idler-resonant OPO was pumped using vortex beams
with £, = 2 and 3. When the OPO was pumped with a second-
order vortex beam (£ = 2) [free space and tilted lens focused
spatial intensity profiles shown in Figs. 3(a) and 3(b), respectively],
the generated signal beam was observed to have a doughnut-
shaped intensity profile and carried an OAM of ¢ = 2. The
free-space and tilted lens-focused spatial intensity profiles of
the generated signal beam are shown in Figs. 3(c) and 3(d), respec-
tively. The results show that the signal field takes on the same
OAM characteristics as the pump field; this characteristic was ob-
served for all examined lengths of resonant cavity. The idler fields
were generated in the form of high-order LG petal-like modes, and
its OAM could be tuned from 0 to £8 by varying the length of the
resonant cavity. The experimentally and theoretically and theoreti-
cally obtained spatial intensity profiles of the generated idler beams
are shown in Fig. 3 for a range of resonant cavity lengths.

(e7) 8 (eg)

O,

0.0 o

L=75mm L=90mm

Signal field

(ko)
Ooo

L=75mm

Fig. 3 A collection of images showing the spatial intensity profiles of modes generated when the
OPO is pumped with vortex modes of order # = 2 and 3. (a) and (b) The free-space and focused
(through a tilted lens) pump vortex beam with # = 2, respectively. (c) and (d) The corresponding
profiles of the generated signal field. (e;)-(eo) The free-space spatial intensity profiles of the gen-
erated idler field, for a range of resonant cavity lengths. (f;)-(f;) The corresponding theoretically
modeled mode profiles. (g) and (h) The free-pace and focused (through a tilted lens) pump vortex
beam with £ = 3, respectively. (i) and (j) The corresponding profiles of the generated signal field.
(k1)-(k11) Free-space spatial intensity profiles of the generated idler field, for a range of resonant
cavity lengths. (I1)-(l11) The corresponding theoretically modeled mode profiles.
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When the OPO was pumped using an optical vortex of order
), of 3 [free-space and the tilted lens-focused spatial intensity
profiles shown in Figs. 3(g) and 3(h), respectively], the gener-
ated signal beam was observed to have a doughnut-shaped in-
tensity profile and carried an OAM of ¢ = 3; this characteristic
was observed for all investigated lengths of the resonant cavity.
The free-space and tilted lens-focused spatial intensity profiles
of the generated signal beam are shown in Figs. 3(i) and 3(j),
respectively. By adjusting the length of the resonant cavity, the
idler field could be generated in the form of high-order LG
petal-like modes, and its OAM could be tuned from O to £10.
The experimentally obtained spatial intensity profiles of the
generated idler fields are shown in Fig. 3 for a range of resonant
cavity lengths.

The above results show that high-order LG modes with petal-
like spatial profiles and tunable OAM can be generated directly
from an idler-resonant KTA-OPO by adjusting the length of
its resonant cavity. In fact, the handedness (£¢) of LG mode
with the same intensity profile cannot be well distinguished in
the laser cavity, thereby resulting in the generation of petal-
like modes formed of the coherent superposition of annular
LGy ., and LG _, modes. To better understand how these high-
order LG modes were produced from this system, we performed
theoretical modeling, wherein we examined the spatial overlap
of the pump field with the cavity modes of the idler field within
the resonant cavity of the OPO and the KTA crystal. The spatial
overlap efficiency # of the pump intensity 7,,(r, z) and the cavity
mode intensity I.(r,z) was modeled using the following
equation:

n= //I,,(r,z)lc(r,z)drdz. (1)

The normalized intensity distribution of an LG, , mode can
be expressed as™

2 2P T (2r7\ 12 =27\ [ sinlp |2
red= {w—d {LP (w—a)] e"P( W ){cos 1(,;} ’
2)

where L‘,,"ﬂ| (+) is the generalized Laguerre polynomial, and p and
¢ are the radial and azimuthal indices, respectively. d is the
length of the gain medium, and wy is the cavity mode size,
which is assumed to be constant in the laser crystal (along
the axis of the laser).

If we consider a focused doughnut-shaped vortex pump
beam, we can define the beam radius r,,. as the radius of
a circle that contains 86.5% of the total energy of the beam,
and the ring radius 7y, as the radius of the circle that contains
13.5% the total energy. The equation determining the spatial
overlap efficiency can then be modified to*

l 1 2ri2nner l_n CX _ 2ri2nner
— (I—n)! w3 P w3
272 e\ 272 or
_ < 01;[6 > exp <_ 01;[6 >:| , (3)
wo Wo

where the waist (wg) of the fundamental cavity mode of a plano—
concave linear cavity can be determined using®'

]7:
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where Loy = L — (n, — 1)d/n, is the effective resonator length,
A is the wavelength of the lasing mode, n, is the refractive index
of the gain medium, g; = (1 — Lg;)/R; is the g-factor of the
resonator, and R is the radius of curvature of the cavity mirrors.
The values of 7o and 7oy, Were determined directly from our
experiment. Here, the values of 7y, and 7, for the pump
vortex beams with f’p =1-—3 were 35.6 and 330 um; 92.1
and 410 pum; and 132.8 and 440 um, respectively. Using these
values along with the above equations, we theoretically modeled
the spatial overlap efficiency () as a function of the
resonant cavity mode order (7). These results are plotted in
Fig. 4 for pump vortex beams with #, =1 — 3.

Figure 4 shows the calculated spatial overlap efficiency 5
between the vortex pump mode and high-order LG modes
within the resonant cavity of the OPO at various cavity lengths
(32 — 90 mm). When pumping with a vortex beam with order
Z, =1, the spatial overlap efficiency (red square) decreases
monotonically as # increases. When pumping with vortices
of order, #, =2 and 3, the spatial overlap efficiency first in-
creases and then decreases as the value of ¢ increases. The
high-order LG mode, which is generated from the resonant cav-
ity, is a function of both the intracavity loss of that mode and the
spatial overlap of the pump field with that mode. Both of these
factors are a function of the length of the resonant cavity. The
output energies of the signal and idler beams were measured as a
function of the pump energy when pumping with vortex beams
of order £, = 1 — 3 and for a range of resonant cavity lengths.
These plots are shown in Fig. 5.

The plot of Fig. 5(a) shows that when using a pump field
with £, =1 and an energy of 20.2 mJ, for cavity lengths of
L =32, 55, and 90 mm, the maximum output energies of the
signal and idler fields were 2.9, 2.6, 2.1, and 0.8, 0.67, and
0.54 m], respectively. The corresponding slope efficiencies were
23.5%, 28.9%, 22.9%, and 6.4%, 7.4%, 6.2%, respectively.
Figure 5(b) shows that the maximum output energies of the sig-
nal and idler fields when using a pump field with £, = 2 for

1.25
| —®— Pump beam, £,=1
- —A— Pump beam, £,=2
g 1.00[
s n_A—A_ o —@— Pump beam, €p= 3
VAN
o ] \
5] -
2 075 \- A\.\
= A
5 Ny NI
= 050 ¢ N e
5 N N
> u 2\
(=] .\.
£ o02sf
®
=)
)
0.00— ) 7 3 8 10

Fig. 4 Plots of the theoretically modeled spatial overlap effi-
ciency as a function of resonant cavity mode order (¢) for pump
vortex beams with topological charge ¢, of 1 - 3.
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Fig. 5 Plots showing the output energies of the signal and high-order LG mode idler fields as a
function of incident pump energy and for different resonant cavity lengths. Panel (a) shows results
using a pump vortex beam with #, = 1; panel (b) shows results using a pump vortex beam with

¢p = 2; and panel (c) shows results using a pump vortex beam with £, = 3.

cavity lengths of L = 32, 55, and 90 mm were 2.5, 2.3, 1.8, and
0.53, 0.45, 0.38 mlJ, respectively. Figure 5(c) shows that the
maximum output energies of the signal and idler fields when us-
ing a pump field with £, = 3 for cavity lengths of L = 32, 55,
and 90 mm were 1.4, 1, 0.54, and 0.37, 0.27, 0.18 mJ, respec-
tively. The corresponding to slope efficiencies were 18.7%,
12.8%, 7.2%, 4.9%, 3.6%, and 2.4%, respectively. It should
be noted that the oscillation threshold of high-order petal-like
modes increases, as the extending of cavity length from 32 to
90 mm, which is due to the severe cavity loss. The measured
oscillation threshold of OPO pumped by the optical vortex with
order of, fp = 1—3, were ranged within 7.7-10.2, 7.9-11.2,
and 11.2-14.4 mJ, respectively. From these results, it is clear

121 —— Spectrum of signal vortex .
— Spectrum of idler vortex
~ 1.0L 4
=
«
-
£ osf ]
w»
=
g 0.12nm 0.61nm
= 0.6 4
=
[
N
g 04l ]
S
e
4
0.2} ]
0.0 y— )
1400 1500 3400 3500 3600
Wavelength (nm)

Fig. 6 Plots of the output signal (1535 nm) and idler (3468 nm)
field spectra; insets are zoomed spectra highlighting the spectral
bandwidth of each field.
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that pumping with the lowest order vortex mode yields the high-
est signal and idler output energies for a given pump energy and
resonant cavity length.

The spectra of the signal and idler outputs (measured to be
1535 and 3468 nm, respectively) were recorded using a scan-
ning monochromator (Spectra Pro HRS-500, 300 lines/mm,
aperture size of 30 um, spectral resolution of 0.3 to 0.4 nm
in the wavelength range of 1000 to 5000 nm) and are plotted
in Fig. 6. The spectral bandwidths of the signal and idler outputs
were measured to be Al; ~0.32 nm (ca. 1.36 cm™!) and
Al; ~0.67 nm (ca. 0.56 cm™!)

4 Conclusions

We have demonstrated the generation of high-order LGy .,
mode idler field vortex beams with £ tunable from O to £10
using an idler-resonant KTA-OPO. The order of the output idler
beam could be varied by adjusting the length of the resonant
cavity and by changing the order of the vortex pump beam.
A theoretical investigation of the spatial overlap efficiency of
the pump vortex and resonant idler beams was undertaken to
glean insight into the mechanism by which these high-order
LG modes were generated. When pumped with vortex beams
with £ =1, 2, and 3, due to the increase of spatial overlap
efficiency, the highest-order idler beams that could be generated
from the system were LGy s, LGy g, and LG 1o, respec-
tively. This work demonstrates the relative ease by which
high-order LG laser modes in the mid-infrared wavelength
range can be generated directly from an OPO system. We an-
ticipate that such laser beams will have utility for applications in
precise spatial measurements, optical trapping and tweezing,
and free-space optical/quantum communications.
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