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Structured light lasers are highly topical due to not only its ability to tailor customized distribution
of intensity, phase, orbital angular momentum (OAM), and other optical properties, but also the
compact and simple at-the-source generation scheme. Here we propose a form of structured light
laser, intracavity mode convertor laser, with the ability to generate two-dimensional (2D) tunable
high-order Hermite—Gaussian (HG) modes with a large indices range (up to 15). The mode convertor
constituted by two cylindrical lenses was always used for external OAM conversion, but here we
show that it can be inserted into a laser cavity as an intracavity element for symmetry breaking
control, which we also demonstrate with a complete matrix optics theory. The generated 2D HG
modes can also be converted into Laguerre-Gaussian (LG) vortex beams with both tunable OAM
and radial momentum. Moreover, we also show the ability to directly generate vortex beam from
our laser cavity. Our approach meets the urgent necessity of practical laser device for more versatile
light, providing new parametric space for structure control and fostering extended applications.

I. INTRODUCTION

In recent years, structured light, with the ability to
arbitrarily tailor light in various optical properties such
as intensity, phase, polarization, and orbital angular
momentum (OAM), has risen in prominence [I]. In
particular it has been the emergence of vortex beams
with tunable OAM [2], with the widespread applica-
tions in particle manipulation [3], 4], high-security encryp-
tion [5], quantum entanglement [6], communications [7-
9], nanophotonics mode excitation [I0HI3], and nonlinear
optics [T4H16]. Although a myriad of tools exist for struc-
turing vortex beams external to the source [I7HI9], it is
increasingly topical to directly create them from a laser
cavity, namely structured light lasers [20], which bene-
fits both the improved purity of beam structures and the
compactness of devices. Previous works have tried to in-
sert special intracavity elements in the forms of spatial
light modulator (SLM) [2I], Q-plate [22], J-plate [23],
and other tailored metasurfaces [24] [25] into a laser cav-
ity for generating tunable OAM beams. However, as
for SLM, it further requires complicated digital control
device and output power is limited by its low damage
threshold, also SLM is highly expensive. There also are
bottlenecks for other insert elements: on one hand, the
intracavity elements with artificial nano-structures are
highly expensive to produce, on the other hand, the gen-
erated spatial modes cannot realize two-dimensional (2D)
structured tunability, i.e. the mode indices both tunable
at 2D transverse directions. Note that the 2D tunable
mode would have great potential to extend applications
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of structured light. For example of an Laguerre—Gaussian
(LG) mode LG, ¢, besides the well-known azimuthal in-
dex ¢ related to OAM, another independent index, radial
index p, related to the radial momentum of light, is also
recently applied in quantum entanglement [26], encoding
information [27], and mode sorting [28]. Therefore, the
vortex mode LG, ¢ with 2D tunable mode indices (p, £)
reveals the full control of azimuthal and radial momenta
of light, which can largely extend optical manipulation
and related applications of structured light.

To generate a vortex beam, a classic and simple
way is using cylindrical lens pair as astigmatic mode
converter (AMC) to transform Hermite-Gaussian (HG)
mode HG,, 5, into LG, ¢ beam with index relationship of
p = min(n,m) and £ = n — m [29H3T]. With the AMC,
the aim to generate a LG, ; is equivalent to generate a
HG,, », while the required HG modes can be generated
by using off-axis pumping in solid-state laser as an ef-
fective method [32H34]. However in this way, only HG
modes with one-dimension tunable order can be gener-
ated directly from cavity, because symmetry in only one
dimension could be broken along the off-axis displace-
ment of pumping, in other words, leading to the con-
verted LG beams with tunable OAM but untunable ra-
dial index (p = 0) [31.[34]. By insert 2D artificial mask in
cavity, a 2D high-order mode can be generated [35, B6],
but the fixed loss distribution prevents the mode indices
from being freely tunable. In order to induce the tunable
2D symmetry breaking in cavity, large-aperture pumping
can be exploited for tunable 2D high-order mode [37H40],
but the two indices in the two dimensions are coupled to
each other, which could not realize independent 2D tun-
ability. In short, it still urgently requires an effective
and economic scheme to generate high-order modes with
freely tunable 2D indices from a structured light laser.

Here we propose a structured light laser which can con-



trollably generate HG modes with 2D-tunable indices di-
rectly from cavity and 2D tunable vortex beams after
mode conversion, and also has ability to directly gener-
ate OAM beams. The approach is to insert an AMC,
playing as an intracavity element, into a laser for tuning
the 2D symmetry breaking in cavity by controlling off-
axis displacements of intracavity elements and pumping
in two dimensions independently. We also propose a com-
plete theoretical model based on matrix optics to demon-
strate the 2D mode control effect, showing great agree-
ment with the experimental results. This work offers a
unique insight into the formation of tunable structured
modes in laser cavities with compact, simple, and cost-
saving setup scheme, which has great potential to extend
related applications such as optical tweezer, imaging, and
communication.

II. EXPERIMENTAL SETUP DESIGN

The AMC was widely utilized as an external modu-
lator to do the conversion between HG and LG modes.
But here in our structured light laser design, we applied
the AMC as an intracavity element, which can impart
a controlled 2D cavity symmetry breaking including dif-
ferent beam characteristics, gain and loss in two dimen-
sions, due to different curvature radii of intracavity AMC
and off-axis control in two dimensions. Symmetry was
broken in 2D by elaborately putting cylindrical lenses in
an off-axis-pumped laser cavity. Off-axis of cylindrical
lens and pumping beam provided detuning to the cavity
in two orthogonal directions, leading to dimension ex-
pending of generated HG modes. The output HG modes
had tunable 2D indices controlled by the displacements
of pump and cylindrical lenses, respectively. With AMC
as the external converter of vortex beams, modes carry-
ing OAMs with continually and independently tunable
azimuthal and radial indices (p, ¢)were obtained.

The experimental setup is shown in Fig. [l The pump-
ing source was a 976 nm fiber-coupled laser diode, and
the gain medium was an a-cut Yb:CALGO. A concave
dichroic mirror and the output coupler formed the cav-
ity. Two cylindrical lenses (F =25 mm both) inclined to
45° from y’-axis with z-axis as rotation axis were set into
cavity as the control elements to stimulate a new tuning
dimension of modes. Cylindrical lenses were used for con-
trolling the direction of HG modes along the cylindrical
lenses’ s generatrix, and also for changing HG mode’ s
order of one dimension. Generated HG modes were con-
verted into OAM beams through a lenses group outside
the cavity. The cylindrical lens (F' =25 mm) placed verti-
cally was used for astigmatic conversion. We established
an interference system to check the topological charges
of OAM beams. Reference light was led off by a beam-
splitter (BS) and expanded by a lens. OAM beams and
the reference light converged through another BS to form

the interference pattern, showing the topological charges
of OAM beams.
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FIG. 1. The setup (a) in experiment with the insert show-
ing the details of intracavity AMC structure, orientation of
cylindrical lenses, definition of (x,y,z) and (2’,y’,z) coor-
dinates (with the angle difference 45° between (z’,y’) and
(z,y) coordinates, z'-, y'-axis along directions of two edges
of Yb:CALGO section respectively, z-axis/y-axis perpendicu-
lar to/along generatrices of intracavity cylindrical lenses) and
off-axis displacements of concave dichroic mirror R1 along
y'-axis (A1) and the first intracavity cylindrical lens along
x'-axis (A2), including LD: laser diode (Han’s TCS, highest
power 110 W, with 105 um fiber core and 0.22 NA numerical
aperture); coupling lenses: 976 nm antireflective (AR) coated
lenses [focal lengths (F'): 30 mm and 60 mm]; Yb:CALGO
(4 x 4 x 2 mm® 5 at.%, AR at 940-1080 nm); R1: concave
dichroic mirror [AR at 979 nm and high-reflective (HR) at
1040-1080 nm, radius of curvature: 1200 mm]; R2: output
coupler (transmittance was 1% at 1030-1080 nm, radius of
curvature: 300 mm); DM: dichroic mirror (reflectance is 99%
at 979 nm and transmittance is 90% at 1050-1080 nm, fil-
ter off pumping light); lenses group: lenses L1 (F =25 mm),
L2 (F =30 mm), and L3 (F =100 mm), L4 (F =100 mm);
R3, R4: mirrors; BS: beamsplitter (transmittance and re-
flectance both are 50% at 1064 nm); CCD: charge coupled
device (Spiricon, M2-200s), with (b) equivalent light path in-
cluding parameters in ABCD matrix theory and the insert of
coordinate representation.

III. THEORIES OF SYMMETRY-BREAKING
MODES WITH INTRACAVITY AMC

The intracavity AMC breaks symmetry of the cavity,
because the curvature radii of cylindrical lenses are dif-
ferent in two perpendicular directions (z-direction per-
pendicular to and y-direction along generatrices of intra-
cavity cylindrical lenses). Different curvature radii have
different effects on beam characteristics in two dimen-
sions, such as radius of beam waist and Rayleigh length.



Then corresponding gain and loss of the same order re-
lated with beam characteristics in two dimensions are
different. The loss led in by R1 off-axis along y'-axis
has large effect to the order along z-axis, and the loss
led in by intracavity cylindrical lens off-axis along z'-
axis has large effect to the order along y-axis. Moreover,
different curvature radii of intracavity AMC also lead in
special Gouy phase difference to two directions. Based
on the above two points, corresponding 2D HG modes
are selected, and after conversion, homologous 2D OAM
modes are obtained. Thus orders are both tunable in two
dimensions independently, and directions of two dimen-
sions are depended on the set intracavity AMC.

Besides mode indices tunable in two dimensions, in-
tracavity AMC also incidentally introduces astigmatism
into cavity, which makes practical modes different from
standard modes in ellipticity of transverse intensity pro-
file. Thus, we use ”OAM mode” distinguishing practical
mode from standard LG mode. ABCD matrix optics
theory is a suitable method to analyse astigmatism in
practical modes. Practical beam characteristics can be
obtained based on the matrix theory. With the prac-
tical beam characteristics in mode functions, astigmatic
modes can be obtained in theory.

For the intracavity part, due to different beam charac-
teristics in two dimensions caused by intracavity AMC,
we combine ABCD matrix and parameter ¢ with HG
function in different two dimensions to analyse output
HG,,,», modes. From the light path of intracavity part
shown in experimental setup, intracavity AMC is the only
symmetry breaking element of the intracavity part and
axes of two cylindrical lenses in cavity are parallel to each
other. Thus two dimensions in the intracavity part are
independent and ABCD matrices in cavity of two dimen-
sions can be treated separately [41H43]. One-round trip
ABCD matrices of the cavity perpendicular to (X) and
parallel with (Y') the generatrices of cylindrical lenses are
given as:
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the first c&lindrical lens, two cylindrical lenses, the
second cylindrical lens and R2. R; and Ry are curvature

radii of R1 and R2. fp; and fyo are focal lengths of two
cylindrical lenses, as Fig. (b)

Based on the relation between ¢¢ (parameter g of
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The imaginary part of complex parameter g¢ is go¢, and
the real part of complex parameter g¢ is the distance
away from beam waist z¢, shown as:
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Radius of beam waist wge with the order v is /2v +1
times that of fundamental mode. Based on the re-
lation between go¢ and radius of beam waist wpe and
Rayleigh length zg,, the radius of beam waist is woe =
V/—i(2v +1)qoe A/, and the Rayleigh length zp, is
2R, = muogz/)\. Practical beam characteristics woe, 2R,

can be obtained by substituting go¢ of Eq. .
HG mode solved from Helmholtz equation with the

order m along z-axis, the order n along y-axis is given
by:
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where radius of beam wg (2z¢) = woey/1 + (Zg/ZRg)Q, and

radius of equiphase surface R (z¢) = 2z (1 + z%g /zg)
at z¢. By substituting beam characteristics wog, 2R, , 2¢
obtained above to Eq. , actually acquired HG modes
can be simulated.

Comparing with Fig. 2a) the standard HG mode, by
assigning m = 3, n = 2 in Eq. , HG modes directly
from cavity can be obtained in simulation as shown in
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FIG. 2. Simulated results of the structured laser beams: (a) Standard HGs 2 mode; (b) HGs 2 mode directly from intracavity
AMC laser and (c) its phase. (d) Standard LG2,—; mode. (e¢) OAM2,_1 mode converted after intracavity AMC laser and (f) its
phase. (g) The interference pattern of OAM> _1 mode and reference beam, the insert shows the zoom-in figure of the coherent

fringes.

Fig. b), with HG3 2 as an example. We could find that
besides the expand of mode dimension, intracavity AMC
also leads astigmatism into HG modes.

As for the extracavity mode conversion part, due to
the external cylindrical lens set at 45° (extracavity cylin-
drical lens rotated angle #) to HG modes, it induces
Gouy phase difference into two dimensions, converting
HG modes into OAM modes. Different from ABCD ma-
trix analysed independently in cavity in two dimensions,
extracavity ABCD matrix of two dimensions could not
be treated independently, due to cylindrical lens outside
cavity are not parallel with cylindrical lenses in cavity.
Therefore, an expansion matrix related to extracavity
cylindrical lens’ s angle of rotation is used to describe
beam transmission outside cavity, shown as:
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rotated cylindrical lens with rotated angle o = 45°. [; to
lg are distances between R2, L1, L2, L3, cylindrical lens,
L4 and CCD1 in turn. f; to f3, and f5 are focal lengths
of L1 to L4, and f4 is focal length of cylindrical lens.
zy and z, are distances between R2 and corresponding

beam waist of beam directly from cavity based on
Eq. , as Fig. b).

With extracavity ABCD expansion matrix in Eq. @
and parameter gqp¢ of modes directly from cavity in
Eq. , the relation between parameters g¢ of beams af-
ter conversion and extracavity ABCD expansion matrix
are shown as
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where T(4,j) = T;;. Beam characteristics are obtained
with g¢ in Eq. . The radius of beam waist is woe =
\/ —iqoe A/, where qo¢ is the imaginary part of g¢ in
Eq. , and the Rayleigh length zg, is zr, = Twoe®/A.
The real part of g¢ in Eq. is the distance z¢ from
corresponding beam waist.

Modes carrying OAMs after astigmatic conversion out-
side the cavity are written as [45] [46]:
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Y

ZR,
beam characteristics woe, 2gr., 2¢ based on Eq. (8) to
Eq. @[) OAM modes in the simulation could be obtained.
Comparing with Fig. |2 l(d standard LG mode, by as-
signing m = 3, n = 2 in Eq. , OAM; converted
from HG3 5 shown in Fig. e) was taken as an example.
The simulation deepens the understanding of astig-
matic OAM modes, which are different from the standard
LG modes in ellipticity of their transverse intensity pro-
file, expanding the mode patterns as well as applications.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

With experimental setup shown in Fig. when all
cavity elements were coaxial, fundamental mode was ob-
tained at the pumping threshold of 0.56 W. With differ-
ent off-axis displacements of intracavity cylindrical lens
and R1, different loss and gain were brought in two di-
mensions, and output HG modes were selected as Fig.
recorded by CCD2 with R3 moved off. The specific rela-
tion between obtained astigmatic HG modes HG,, , and
different off-axis displacement of R1 along 1/-axis Aq,
off-axis displacement of the first cylindrical lens along
z'-axis As and the pumping power P was shown as Ta-
ble [[| in appendix. Modes like HGo; (=9-12,14), HG1 ;
(1=1,3), HG2 5, and HGy4 4 were also generated. However,
for the case of very high-order modes (generally one index
is larger than 10 or two indices both are not 0), due to the
small difference of loss between two adjacent modes and
the limitation of experimental adjustment accuracy of in-
strument, these modes could not be all stably captured,
and thus we just show some relatively stable results as
representatives.

From Fig. [3, HG modes could be controllably gener-
ated in two dimensions directly from the laser cavity. HG
mode indices m and n were tunable continually and in-
dependently, changing with R1 off-axis along g’-axis or
one of the cylindrical lenses off-axis along z’'-axis, respec-
tively. The varying range of m was from 0 to 4, and in
total, output HG modes were in a large tunable range
(more than 20 modes). The tunable range was limited
by pumping power due to the relation between gain and
loss, and with the increase of pumping power, tunable
range would enlarge. The output power of HG modes
could be adjusted with pumping power, and with exper-
imental pumping power, the output power was in milli-
watt level. Moreover, shown as Fig. [3] direction of HG
modes was limited by the setting angle of the intracavity
cylindrical lenses. Two dimensions were parallel to and
perpendicular to the generatrix of intracavity AMC.

Generated certain HG,, , mode was converted into
corresponding OAM,, , mode after mode conversion by
going through the extracavity lens group (L1, L2, L3,
cylindrical lens, and L4) as shown in the setup in Fig.
The radial index p is the smaller one of two parameters
m and n, and the azimuthal index ¢ is n-m. Homologous
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FIG. 3. The experimental results of the evolution of differ-
ent generated HG modes with continually and independently
tunable indices (m, n) with the off-axis of the cylindrical lens
and the concave mirror.
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FIG. 4. The experimental results of the evolution of different
OAM modes carrying continually and independently tunable
radial index and azimuthal index (p, £) with the homologous
off-axis displacements of the cylindrical lens and the concave
mirror of HG modes.

OAM modes were recorded by CCD1, whose indices were
stated specifically in Table[[]in appendix. In Fig.[d, OAM
beams with continually and independently tunable radial
and azimuthal indices (p, £) were shown clearly. Limited
by the generated HG modes, the tunable range of ra-
dial index p was 0 to 4, and azimuthal index ¢ could be
changed from -1 to 15, 0 to 5, -2 to 5, -1 to 1, 0 to 1
respectively. OAM modes range could be changed with
HG modes tunable range.

Output power of OAM modes was also in milliwatt



FIG. 5. The experimental results of (al-a4) OAM; 3, OAM; 5,
OAMs3,1, OAMy 1 and (b1-b4) corresponding interference pat-
terns. The inserts show the zoom-in figures of the coherent
fringes in figures (b1-b4).

level with a high conversion efficiency from HG modes.
Moreover, different from standard LG modes, output
OAM modes were astigmatic obviously in Fig. [l] among
which OAM; _; was consistent with its simulational re-
sult in Fig. e). Ellipticity in transverse intensity profile
of OAM modes in Fig. [ is in the range of 0.19 to 0.28.

Angular momentum of OAM modes could be verified
by interference patterns with reference beam. In our ex-
periment, reference light was the flat part of beam which
was led off by BS and expanded by lens. Interference
patterns were recorded by CCD1 as illustrated in Fig.
()1Ah/[1737 OAM2757 OAM371, OAM471 in F1ga1—a4) were
taken as examples for their different radial index p, with
their interference patterns in Fig. bl-b4). The num-
ber of forks showed the topological charges three, five,
one, one in each circle, respectively, corresponding to az-
imuthal index .

As an additional function of this cavity structure with
the pair of cylindrical lenses set vertically in the cavity,
OAM beams carrying +1#A could be generated directly
from the cavity. Based on the light path above, the pair of
cylindrical lenses were set 35.7 mm apart from each other
between Yb:CALGO and R2. A; and A, were controlled
as 0.847 mm and 0.068 mm respectively at the pumping
power 4.01 W. Without the cylindrical lens outside the
cavity, mode was recorded by CCD1 shown in Fig. @(a).
Its interference pattern was recorded by CCD1 shown in
Fig. [6[b). The number of fork showed generated mode
carrying 17 OAM. Simulational result in Fig. [6c) was
obtained from Eq. as f% =0and m =0,n= 1. For
the case of generating 2D HG modes, the Gouy phase
difference of beam between z-, y-directions was so small

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIG. 6. The experimental results of (a) £17 OAM mode
generated directly from the cavity and (b) the corresponding
interference pattern. The simulated verifications of (c) the
+172 OAM mode and (d) the interference pattern.

that only HG modes could be generated. While, for the
case of generating OAM mode, we elaborately adjusted
the positions of the intracavity cylindrical lenses along
z-axis, so that the Gouy phase difference between two
orthogonal directions was nearly /2, which allowed the
transformation from HG mode into OAM mode in cavity
and the direct generation of OAM mode.

V. CONCLUSION

In conclusion, we used AMC as an intracavity element
to construct a form of structured light laser to gener-
ate 2D tunable high-order modes and vortex beams. In
our approach, the 2D symmetry-breaking was control-
lable by tuning off-axis displacements of intracavity AMC
and cavity mirror, which led to independent tunability
of modes in 2D. A complete theoretical model combin-
ing ABCD matrix and modal astigmatism is proposed to
simulate the structured laser, which is well verified by
experimental results. The generated HG,, , modes can
be tuned continually and independently in two dimen-
sions, with tunable indices up to 15. After external astig-
matic conversion, OAM beams carrying continually and
independently tunable radial and azimuthal indices (p, ¢)
were obtained, with tunable range of p as 0 to 4, and that
of ¢ from -2 to 15. It is the realization of vortex beam with
both tunable orbital angular and radial momenta simul-
taneously. Additionally, +1A OAM modes could be gen-
erated directly from the cavity by proper control. This



work has great potential in increasing structured light
tunability at the source in a simple and cost-saving way,
and providing deeper physical insight on understanding
2D practical astigmatic modes and enriching the related
applications.
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Appendix A: Table of obtained modes



TABLE I. Pumping power and off-axis displacements for different HG modes and OAM modes

Ay, =1.681 mm (round dots row)

Ay =2.739 mm (star dots row)

Ag(mm) P(W) HGm,n OAMp’g Ag(mm) P(W) HGm,n OAMP,[
0.626 2.95 HGo,2 OAMo2 |[0.671 5.49 HG2,2 OAM;
0.783 3.37 HGo,s3 OAMy s |[0.749 6.06 HGo 3 OAM;
0.869 3.80 HGo,4 OAMy4 |[0.763 6.16 HG2 4 OAM;;
0.926 101 HGos OAMos |/1.033 7.93 HCas OAM2.4
0.992 1.22 HGos OAMog ||1.077 8.69 HGa.r OAMa 5
1.104 4.43 HGo,7 OAMoy,7 Ay =2.975 mm (regular triangle dots row)
1.133 143 HGos  |OAMos ||Az(mm) |P(W) HGmn  |OAM,,
1.364 5.77 HGO,13 OAMO,13 0.761 7.80 HG3,2 OAM2,71
1.789 7.41 HGo 15 OAMpy,15 [/0.804 8.06 HGs3 OAM3

Ay = 2.480 mm (diamond dots row) 0.819 8.99 HGs 4 OAMs3
Ax(mm) |P(W) HGun OAM,,, Ay =3.119 mm (inverted triangle dots row)
0.547 4.32 HGLO OAMO’fl Ag(mm) P(W) HGm,n OAMp,g
0.626 4.97 HG12 OAM, ; 0.763 8.83 HGy,2 OAM; _»
0.861 5.86 HG1 4 OAM, 3 |[0.779 8.83 HGy 3 OAM;3,_;
0.933 7.14 HG1 5 OAM, 4 ||0.860 10.03 HG4,5 OAMy,,
1.157 883 HG1e OAM 5
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