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We report the emission of localized orbital angular
momentum (OAM) crystals in a millimeter-size monolithic
Nd:YAG nonplanar ring laser. Narrow-linewidth single-
frequency lasing in the kilohertz level featuring crystal-like
vortices is obtained via phase locking of Laguerre-Gaussian
modes in the cavity. It is found that the spatially degenerate
OAM of high-order LG modes can be easily broken by
superimposing a low-order mode, leading to crystal-like
vortices. Our theoretical analysis is found to be in agree-
ment with the experimental results for both intensity
and interference patterns. © 2019 Optical Society of America
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Vortex formation has been extensively investigated in various
fields of physics, including Bose—Einstein condensate (BEC),
superconductivity, and superfluidity. This phenomenon also
exists in optics and is generally referred to as helically phased
beams [1-3]. The spiral phase of the simplest vortex laser at its
waist can be expressed by exp(i€¢) with £ being the topologi-
cal charge or handedness, and ¢ being the azimuthal angle. Its
intensity profile turns out to be doughnut-shaped with zero
intensity at the phase singularity point upon propagation.
Interestingly, vortex lasers were also found to carry the orbital
angular momentum (OAM) equivalent to £ [4], and a signifi-
cant body of scientific literature has been devoted to this field.
Fundamental research has been extensive in the area of nonlin-
ear and quantum photonics [5-13]. Many applications using
vortex laser beams have also been demonstrated so far such
as super-resolution microscopy [14], optical trapping and
manipulation [15,16], high-precision laser micromachining
[17,18], and high-capacity optical communication [19,20].
Various approaches based on dielectric and metallic materi-
als have been developed to generate such vortex laser beams.
For instance, one can use diffractive and phased optical ele-
ments, the reorientational nonlinearities in the liquid crystals,
or employ optical mode converters, either internal or external
to the laser cavity [21-34]. On the other hand, the direct
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generation of vortex lasers has also been reported in optical os-
cillators by selectively exciting Laguerre—Gaussian (LG) modes
without the need of external optical elements [35—41]. In par-
ticular, kilohertz-level narrow-linewidth LG, vortex continuous
lasing was observed in a solid-state monolithic nonplanar ring
oscillator (NPRO) [41]. The rigidity and performance of
NPROs have been verified in ground and space projects related
to the measurements of gravity and gravitational waves [42—44].

Similar to vortex formation in BECs and other quantum
systems [45,46], the material-like behavior of optical vortices
or optical OAMs can also be observed. For example, phase-
and amplitude-locked vortex crystals exhibiting single-
frequency characteristics have been reported in vertical-cavity
surface-emitting semiconductor lasers [38]. Note that similar
vortex pairs featuring the so-called circling vortices have been
observed previously in four-mirror- based ring cavities contain-
ing a photorefractive nonlinear element [36,37]. More recently,
a four-mirror-based nonplanar ring resonator has also been
employed to create synthetic Landau levels for photons [12].

Here we demonstrate for the first time, to the best of our
knowledge, the direct generation of optical OAM crystal lasers
with a monolithic nonplanar ring laser. Both intensity distribu-
tion patterns and interferograms have been experimentally ob-
tained, and display a good agreement with the theoretical results
based on phase-locked LG modes. For instance, we find that the
degeneracy of multiple OAMs of high-order LG modes in space
can be broken by super-imposing a phase-locked LGyy beam.
The resultant optical OAM crystal pattern shows spatially
distributed vortices of single OAMs. Benefiting from the
advantages of monolithic NPRO, OAM crystal lasers are found
to feature kilohertz-level linewidth performance.

The optical OAM crystals were studied in a solid-state
monolithic laser based on an Nd:YAG NPRO, as illustrated
in Fig. 1(a). In comparison to whispering-gallery mode resona-
tors which use continuous total internal reflections [47—49],
NPROs use only a few TIRs and a coated high-reflection
surface for efficient free-space coupling. Here the optical
round-trip at a lasing wavelength of 1064 nm of the NPRO
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Fig. 1. (a) Schematic of a monolithic vortex laser based on an
Nd:YAG NPRO pumped by a fundamental Gaussian beam at
808 nm. (b) Top, a photo of the Nd:YAG NPRO taken while the
vortex laser is on operation; bottom, an illustration of the off-axis
pumping scheme on the coated surface of the NPRO.

was formed by three TIRs and a high-reflection surface. Such
structures are well known for generating very narrow-linewidth
single-frequency lasers [50].

Figure 1(b) shows a photograph of the Nd:YAG crystal
when vortex lasing was generated. The dimensions of the crys-
tal are 3 x 8 x 12 mm?, and the doping concentration is 0.8%.
The optical path of the laser beam can be clearly visualized by
the pink rays. The decaying brightness of the beam is a result of
absorption and diffusion inside the crystal. The angle of inci-
dence at the coated surface was about 30 degrees. Also shown is
an illustration of the off-axis pumping scheme. The Gaussian
pump laser was focused off-center at the coated surface of the
NPRO to establish LG mode lasing [41], which can also be
observed in the photography of the NPRO. The output laser
beam at 1064 nm was split into three beams for laser
characterization. The first one was directed to the scanning
Fabry—Perot interferometer (SFPI) for monitoring the single-
frequency lasing behavior. The second one was used to examine
the topological charges of the vortex lasing beam using a simple
interferometric method described in Ref. [41]. The last output
beam was coupled into a single-mode fiber for signal examina-
tion using a fast photodetector and an electrical spectrum
analyzer.

In the literature, optical vortices have been studied in differ-
ent types of multimode cavities [37,38]. Therefore, benefiting
from the rigid structure of the monolithic NPRO, we expect
that optical OAM crystals with very narrow linewidths can
be generated using NPRO platforms as a result of the superpo-
sition of low- and high-order LG modes.

We can theoretically analyze the superposition of ampli-
tude- and phase-locked LG modes in a NPRO. It is well known
that LG modes are typical solutions of the paraxial wave equa-
tion in cylindrical coordinates The amplitude distributions can
be expressed as

Lpr(r, z,Q) =
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where p is the number of nodes of the intensity distribution in
the radial direction, £ is the topological charge, w(z) is the
radius of the beam at z position, wy is the beam waist, zz
is the Rayleigh range, and 4, is the wavenumber. Here R(z) =

(22 + z%) /7 is the curvature of the wavefront, while Lll,f| is the
associated Laguerre polynomial. In order to represent the correct
intensity distribution for our experimental results, we consider
the OAM crystals as the superposition of mode pairs that are
both phase and amplitude locked according to: yw, =
a- LGy + LG5 and wp = - LG, + LG, where w4 and
yp are the amplitudes for the OAM crystals A and B, and
the + sign denotes a positive topological charge, while a and
P (set to 0.6 and 0.2, respectively) are the relative phase-locked
amplitude ratios.

The calculated intensity patterns at the waist position are
shown in Fig. 2. To better understand the formation of
OAM crystals, the phase distributions of these modes are pre-
sented, together with the intensity distribution. Figures 2(a)—
2(c) show the case of OAM crystal A, and one can clearly
visualize a phase pattern with the topological charge £ = 5 cor-
responding to an OAM of 57 at the center position. When a
fundamental Gaussian beam is superimposed, five spatially
distributed OAM crystals are formed as shown. The dough-
nut-shaped intensity pattern of LGg; then transforms into five
zero intensity zones, yielding crystal-like behavior for such
OAM crystals. Figures 2(d)-2(f) present the case of the OAM
crystal B. Here the superposition of LGg; and LG leads to six
vortices which are shown in both intensity and phase distribu-
tion profiles.
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Fig. 2. Calculated phase distribution (top) and intensity distribu-
tion (bottom) of different LG modes and the corresponding superpo-
sition of these beams leading to the optical OAM crystals A and B.
(a) LGgs; (b) LGy or TEM; (c) optical OAM crystal A: the super-
position of LGS’5 and LGy; (d) LG&; (e) LG{; and (f) optical OAM
crystal B, the superposition of LGS’G and LGS’I.
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Fig. 3. Experimental intensity output intensity patterns and inter-
ference patterns of the optical OAM crystals A and B represented as the
superposition of (a) LG{s and (b) LGy, and the superposition of
(d) LGS'6 and (e) LG{;. (¢) and (f) the corresponding theoretical in-
terference patterns for optical OAM crystals A and B indicating their
topological charges or OAMs.

Theoretical calculations have revealed that the superposition
of LG modes can lead to interesting particle-like optical OAM
crystals. However, a stationary vortex crystal only exists when
both amplitude and phase locking occur. For instance, the
frequency difference between the component modes would
lead to rotating vortices [36]. In a NPRO platform, we have
experimentally observed single-frequency lasing featuring
optical OAM crystals with five and six stationary vortices.
The intensity patterns shown in Figs. 3(a) and 3(d) match
the calculated OAM crystals A and B, as presented in
Fig. 2. It is interesting to find that these patterns are
similar to the vortex states reported in BECs and mesoscopic
superconductors [45,51].

Figures 3(b) and 3(e) show the experimental interferograms
of the corresponding OAM crystals. It can be observed that
each dark intensity regime shows clear dislocated interference
fringes that are usually referred to fork-like interferograms. The
theoretically calculated interference patterns are also exhibited
in Figs. 3(c) and 3(f). They correspond accurately to the
experimental recorded fork patterns and evidence positive topo-
logical charges. However, we have not observed experimentally
OAM crystals with negative topological charges, which we
believe could be due to non-phase-locking conditions for those
modes.

Using our experimental setup, we were able to monitor the
single-frequency behavior of the optical OAM crystal emitters.
We could remotely control the pump laser current and record
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Fig. 4. Comparison of threshold curves for LGy, LGarl, and the
vortex crystal LGog + LGy lasing modes.

the laser threshold data for the OAM crystal A as shown in
Fig. 4. Figure 4 shows the recorded threshold curves for three
different lasing modes: the fundamental LG mode (LGy, or
TEMy,), the LGJ;, mode, and the vortex crystal mode
(LGgy + LGgs). The data were recorded with the pump diode
driver remotely controlled by a Labview computer program.
Simultaneously, the power meter reading was also remotely re-
corded. The pump driver current was verified by an increment
of 5 mA step by step. The program then read 10 sets of data at
each step within 2 s, and average values were plotted. Note that
error bars were not shown in the figure, as the relative error is
less than 1%. One sees that single-frequency vortex crystal las-
ing (represented by the superposition of LGgy and LG{s) was
characterized by a high threshold, while the fundamental mode
(LGyg) has the smallest threshold pump power. The result is
dependent on the focused beam size and the incident angle
of the pump laser at the Nd:YAG cavity. In fact, the pump
Gaussian laser beam is not in perfect overlap with the OAM
crystal mode, as can be seen in Fig. 1(b). As a consequence,
a slope efficiency of 20% was obtained with a relatively high
threshold pump power at 156 mW when compared with the
fundamental Gaussian lasing mode in Ref. [41].

We have also investigated the coherence of these laser crys-
tals by monitoring the spectral signature of the photodetected
beat notes. A typical single-frequency lasing spectrum acquired
from the SFPI is shown in the inset of Fig. 5. To further char-
acterize the laser performance of such single-frequency OAM
crystals, the radio frequency (RF) beat note was generated by
combining the fiber-coupled laser signal with a commercial
NPRO laser (fundamental Gaussian mode) into a fast photo-
diode. Figure 5 presents the single-tone RF signal obtained
from the electrical spectrum analyzer, confirming its single-
frequency operation. The 3 dB linewidth (W) is inferior to
2 kHz (the resolution limit). To the best of our knowledge,
this is the best performance reported so far for a free-running
optical OAM crystal, and it appears that this high coherence is
facilitated by the rigidity of the NPRO platform. It should be
noted that a shift of a few tens of micrometers in the relative off-
axis position or further increasing pump power could deterio-
rate its single-frequency operation or cause mode-hopping.

In conclusion, we have reported, to the best of our knowl-
edge, the first observation of optical OAM crystals generated
directly in a solid-state monolithic NPRO. The millimeter-size
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Fig.5. REF spectra for the photodetected beat notes and SFPI signals

(in the inset).

OAM emitter is based on a NPRO made of Nd:YAG crystal
and pumped by a single-mode semiconductor Gaussian laser.
Thus, the whole system can be considered as rigid and com-
pact. Our finding shows that the narrow-linewidth perfor-
mance of a Gaussian mode laser is preserved for the OAM
beams featuring optical OAM crystals in such NPRO plat-
forms. Considering the fact that NPRO platforms can also emit
wavelengths at telecommunication and mid-IR wavelengths de-
pending on the dopant, we expect that our finding can facilitate
fundamental studies and applications of complex vortex beams
in fields that require highly coherent beams such as large-band-
width optical communications, precision laser ranging, and
spectroscopy.

Funding. National Natural Science Foundation of China
(NSFC) (61605051); Fundamental Research Funds for the
Central Universities (HUST (2016YXMS014)).
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