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A microscale vortex laser is a new type of coherent light source with small footprint that can directly generate vector
vortex beams. However, a microscale laser with controlled topological charge, which is crucial for virtually any of its
application, is still unrevealed. Here we present a microscale vortex laser with controlled topological charge. The vortex
laser eigenmode was synthesized in a metamaterial engineered non-Hermitian micro-ring cavity system at exceptional
point. We also show that the vortex laser cavity can operate at exceptional point stably to lase under optical pumping.
The microscale vortex laser with controlled topological charge can serve as a unique and general building block for next-
generation photonic integrated circuits and coherent vortex beam sources. The method we used here can be employed to

generate lasing eigenmode with other complex functionalities.
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1. Introduction

Vortex beams are light beams with helical phase front
possessing infinite topological charge and a phase singularity
at the beam axis.!'3! These special properties inspired major
interest for quantum information and communication, super-
resolution imaging, micromanipulation, optical measurement,
and digital imaging.'*~'*) The generation of optical vortex
beam relies on the phase modulation of a laser beam either in-

11-3.15-291 Ty miniaturize the

side or outside of a laser cavity.
vortex beam generator, Cai et al. demonstrated an on-chip
vortex emitter with well-defined orbital angular momentum
by coupling light into a micro-ring with azimuthal scattering
gratings.3% Recently, researches on metamaterial and excep-
tional point have provided a general method to manipulate
electromagnetic field in a controlled manner.*'*?] Miao et
al. demonstrated a laser with emission carrying orbital angu-
lar momentum at microscale.*3] However, a microscale laser
with controlled topological charge, which is crucial for virtu-
ally any of its application, is still unrevealed.

Here we demonstrated avortex laser with controlled topo-
logical charge at microscale. The vortex laser eigenmode syn-
thesized in a micro-ring cavity at the exceptional point is stable
enough to lasing state and emits vortex beam directly under
optical pumping. Such a system can generate different orders
of vortex beams by simply modulatingthe grating protruded
on the micro-ring cavity. We obtained all these results from
rigorous theoretical derivation and further proved them using
three-dimensional (3D) full wave simulations.

DOI: 10.1088/1674-1056/25/12/124211

2. Methods
2.1. Theoretical derivation

As for the vortex laser design, the key point is to con-
struct an eigenmode in the microcavity which can emit vortex
beam at desired order. First of all, we presented an analyti-
cal analysis for all kinds of exceptional points in a micro-ring
cavity in the parameter space. Exceptional point is a singular-
ity where both eigen-frequency and eigen-function coalesce.
Here we employed a general form of refractive index modula-
tion along the azimuthal direction of a micro-ring cavity and
derived the conditions of exceptional point based on the cou-
pled mode theory. Then, from the physical picture of scatter-
ing waves interference, we obtained the equations describing
the parameters relationships of the refractive index modula-
tions to achieve the exceptional point where only one propa-
gating whispering-gallery mode exist at the lasing frequency.
Secondly, a non-zero momentum perpendicular to the micro-
ring plane is generated by introducing periodic gratings on the
out wall of the micro-ring cavity. The out-of-plane momentum
and the micro-ring cavity eigen-mode will twisted into an op-
tical vortex beam. we can tune the order of the optical vortex
emission by simply tuning the number of the grating elements
along the outer sidewall.

2.2. Numerical simulation

The characteristics of the vortex laser is analyzed by 3D
full wave simulations (Comsol Multiphysics). For a vortex
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laser cavity based on III-V InGaAsP gain materials as an ex-
ample, the three dimensional eigen-mode solution will give all
the information of the field distribution. The pumping effect
of the cavity is treated as an increase of the imaginary part
of InGaAsP refractive index. The stability of the vortex laser
during the pumping is verified by the chirality of the angular
momentum distribution in the lasing process. Q factor is cal-
culated by the formula Q = f;/2f;, where f; and f; are the real
and imaginary part of the eigenfrequency. Details forspecific
parameters can be found in the corresponding figure captions.

3. Results and discussion
3.1. Principles of a vortex laser

Figure 1 is the schematic diagram of a vortex laser. This
vortex laser can generate arbitrary order of vortex beam. Here,
we choose the second-order vortex beam as an example. Fig-
ure 1(a) presents the perspective view of the magnetic field
|H| distribution of a full wave simulation of the vortex laser
on a log scale. Inside the laser cavity, the exceptional point
ensures a unidirectional travelling whispering gallery mode,
which is evidenced by the weak fluctuation of the magnetic
field (Fig. 1(b)). Figure 1(c) shows the transversal distribution
of the radial component of the magnetic field H; in the far field,
which presents a vortex beam profile. The vortex laser cavity
is simulated with III-V InGaAsP gain materials, because its
emission is at the C-band of the optical communication. 4!
The inner radius and the width of the vortex laser cavity are
1500 nm and 500 nm respectively.

Fig. 1. (color online) Operation principles of a vortex laser. (a) A perspec-
tive view of the magnetic field |H| distribution of a full wave simulated vortex
laser on a log scale. (b) The exceptional point enables a unidirectional trav-
elling whispering gallery mode inside the laser cavity evidenced by the weak
fluctuation of magnetic field |[H|. (c) The transversal distributions of radial
component of the magnetic field H; in the cross section of the vortex laser
emission, showing typical optical vortex beam characteristic.

3.2. Exceptional points in the vortex laser cavity

The chirality mode at exceptional point is necessary for
the realization of vortex laser with well-defined topological
charge. Here we derived a general expression for the excep-
tional points in a vortex laser cavity. The derivation is based
on the unsymmetrical coherent scattering between two de-
generate counter propagating modes in a whispering-gallery
micro-ring cavity. In a fundamental physical picture of in-
terference, when the back scatterings from counter-clockwise
(CCW) mode to clockwise (CW) mode interfere destructively

while the back scatterings from CW mode to CCW mode do
not, the system locates at the exceptional point and degenerate
eigen-modes of the system coalesce to a pure CCW travel-
ing mode and vice versa.l*"! Here we employed two sets of
periodic gratings to generate discrete momentums satisfying
the resonance Bragg-scattering condition. Figure 2(a) shows
a general form of the refractive index modulation along the
azimuthal direction (@):

_ [ notAre'?, (In/m<@<im/m+8¢,),
T not+Arei?, (In/m+@o<@<In/m+@o+89,),

where [ = 0,1,2,...,2m—1. The micro-ring is divided into
2m periods. ny is the unperturbed part of the refractive index.
The index modulation is given by complex number A, e'%2 and
Al Ciq)' .

The two gratings, An = Aje'? and An = A,ei% can be

ey

viewed as two sources of scattering. The modulus of the effec-
tive refractive index modulation induced by each grating will
modulate the amplitude of the corresponding backscattering
while its position and the angular width of the effective refrac-
tive index modulation (¢; and ¢,) decides the relative phase
of the corresponding back scattering. Based on the mode cou-
pling theory, we can obtain all the possible grating configura-
tions to achieve fully destructive interference in one direction
with nondestructive interference in the other direction, a.k.a.
the exceptional point in the vortex laser cavity.

Here, we show two special classes of exceptional points
with simplified parameters: 1) §¢; = §¢,, 2) ¢;=0, and 3)
¢, = m/2, where parity time symmetry is included in both
cases.

In case 1), where the two modulation parts have the same
angular width §¢; = 8¢, the refractive index modulation
to realize exceptional points needs to satisfy the relations of
Ap = Ay and ¢ +2m@p—¢; = . 3¢ = 8¢, and A| = A; en-
sure equal amplitudes of back scatterings. The initial phase
difference of the two back scatterings is ¢»—¢;. The angular
displacement ¢y between the centers of the two gratings pro-
vides additional phase difference of 2m¢,. The two back scat-
terings interfere destructively when the total phase difference
¢ +2m@o—¢; equals to 7, leading to an exceptional point for
the unidirectional traveling CCW mode.

Another class of refractive index modulation is case 2)
¢1=0 and ¢, = m/2. Figures 2(b) and 2(c) show the rela-
tions the parameters need to satisfy. The systems with pa-
rameters locating at the parameter surface in Figs. 2(b) and
2(c) are at certain exceptional point. We can see that the PT-
symmetrical refractive index modulation is only a special case
QCmey = /2, 2mé@;=2mé@= 7, and A; = A,). To illus-
trate this, we solved the eigen-value problem under the condi-
tion of ¢1=0,0; = n/2, 2m¢y = 7 /2. Figures 2(d) and 2(e)
show the real part and imaginary part of the eigen-values re-
spectively. Obviously, the systems corresponding to the clin-
odiagonal of the n, —n, coordinate plate (A; = Ay) have coa-
lesced eigen-value and thus locate at exceptional point.
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Fig. 2. (color online) Exceptional points in the vortex laser cavity. (a) A general form of refractive-index modulation in a micro-ring cavity. The index
modulation consists of two sets of periodic scattering elements, which are essential to realize exceptional points in the view of interference. Panels (b) and (c)
show the relations the parameters need to satisfy simultaneously to achieve exceptional points on the condition of ¢;= 0 and ¢, = 7 /2. Panels (d) and (e) are
the real part and imaginary part of the eigen-values in the case of one grating with pure real part n, (n, = A; ¢i91 ¢, = 0) while the other grating with pure
imaginary n; (n, = A e'%, ¢, = m/2) index modulation and keeping 2m¢@y = m/2. This is the case of PT-symmetrical refractive index modulation. In the
calculation, azimuthal order m = 16, refractive index of the cavity ng =2.67, Ang =nn/16 < ¢ <nn/16+7/32, Any =nn/164+7/64 < ¢ <nm/164+37/64,
n=0,1,2,...,31. The inner radius and the width of the vortex laser cavity is 1500 nm and 500 nm respectively.

3.3. Different orders of optical vortex generation on demand

Optical vortex with different orders of orbital angular momentum has an additional degree of freedom for multiplexing.
Here, we presented the generation of optical vortex with different order while in the PT-symmetrical refractive index modulated

system:
no+Ang, (Ir/m < @ <Im/m+m/4m),
n=< no+An,+Ani, (Ix/m+n/dm <@ <In/m+m/2m), 2)
no+Ani, (In/m+7/2m < ¢ <Im/m+37/4m),

where ng is the unperturbed part of the refractive index, and  sidewall gratings:

An, and An, are the real and imaginary index modulation, re-
. Vrad = M—qowe- (3)
spectively. /=0,1,2,...,2m—1.

The general results obtained are valid for both TE and TM

polarized whispering-gallery modes. In our device with thin

The 2m periods of refractive index modulation is cho-

sen to tune the system to an exceptional point. At the same

time the index modulation will not couple the beam into free ~ ™0& geometry, the effective index for TM modes is consider-

. . . . ably decreased.®! Thus, the TE modes preferentially reach
space according to momentum-matching condition. This en- ) - ] )
. - the lasing condition of the cavity. The magnetic field vector
sures that we can avoid uncontrollable additional orders of vor- H. of the TE mod dicul " it ol
) of the TE modes are perpendicular to the cavity plane.
tex beam. And then we choose the number of the outer side- ‘ ) P rp. ) yP

1 ) ) In thi 0 Vortex beams with arbitrary orbital angular momentum
wall grating qoyg a8 2M > oy > M- In this case, the outer can be achieved by tuning the outer sidewall grating. Figure 3

sidewall grating does not canse the change of the exceptional shows that stable vortex beam with increasing orbital angular

point in parameter space. It only takes the role of coupling the |~ 000 o0 be obtained by changing gowg. As shown in

travelling whispering-gallery mode and the free-space vortex Figs. 3(a), 3(e), and 3(i), almost homogeneous magnetic field

beam mode. The order Vryq of the optical vortex is solely de-  intensity distributions on the ring can be obtained for gener-

termined by the difference between azimuthal order m of the

desired whispering gallery mode and the number of the outer

ating different orders of optical vortex. The fluctuation of the
corresponding field intensity distribution |H| in the cross sec-
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tion of the vortex beam is also very weak (Figs. 3(b), 3(f),
and 3(j)). The transversal distributions of radial component H,
(Figs. 3(c), 3(g), and 3(k)) and the corresponding phase dis-
tributions arg (H;) (Figs. 3(d), 3(h), and 3(1)) further confirm
that the vortex beams emitted from cavities with outer sidewall

§))

|H| inside the cavity |H|

oR R

grating elements gowg = 17,18, 19 have definite OAM h, 24,
and 3h, respectively, which can be calculated from Eq. (3).
These results are direct evidences indicating that the vortex
laser can generate optical vortex with controllable definite or-
bital angular momentum.

) ©®
2 Q@

H, arg(H.)

Fig. 3. (color online) Different orders of optical vortex generation on demand. (a)-(d) A Vortex laser with the first order of orbital angular momentum

optical vortex emission, where the magnetic field intensity distributions inside the laser cavity (a), and |H| (b), H; (c), and arg (H;) (d) at 4 pm above the
lase cavity are depicted. (e)—(h) A Vortex laser with the second order of orbital angular momentum optical vortex emission, where the magnetic field
intensity distributions inside the laser cavity (e), and |H| (f), H; (2), and arg (H;) (h) at 4 pm above the lase cavity are depicted. (i)~(1) A Vortex laser

with the third order of orbital angular momentum optical vortex emission, where the magnetic field intensity distributions inside the laser cavity (i), and
|H| (), H; (k), and arg (H;) (1) at 4 um above the lase cavity are depicted. All systems have the same index modulation (An, = An; =0.01).

3.4. Visualization of vortex laser orbital angular momen-
tum distribution
To further confirm the generation of the specific order of
optical vortex, we decomposed the light field in the far field
into a series of eigen-modes with different orbital angular mo-
mentum while the principle of the realization of vortex mode is
also clearly shown. The field distribution can be decomposed

by being expanded in cylindrical harmonics, 434!

oo

H (r,p) = Z Oyndm (nkr)exp (ime), )

Me—oo
where J,, is the m-th order Bessel function of the first kind, and
k is the wave number, and 7 is the effective refractive index of
the micro-ring. The CW (CCW) traveling-wave components
are denoted by positive (negative) values of the angular mo-
mentum index 7. [46]

Figures 4(a) and 4(b) show the simulated intensity pat-

terns |H| and H, in the far field of a vortex laser cavity

for generation of second order of orbital angular momentum
emission. We can see that the fluctuation of the simulated
magnetic pattern |H| (Fig. 4(a)) is negligible at exceptional
point. Figure 4(c) shows the ratio of the CW and CCW com-
ponents |0, |* /|a_m|* as a function of real index modula-
tion An, with fixed An, = 0.01. The exceptional point lo-
cates at An, = An,, at which the real and imaginary parts
of the eigen-frequencies coalesce simultaneously. At An, =
0, both eigenmodes have equal CW and CCW components
(|ous|* / |et—16]* ~ 1) while in the vicinity of the exceptional
point (An, = An,), both eigenmodes have dominant CCW
component (|OC16|2 Jlo 16> > 1). These show an evolution
from standing waves to traveling wave when the system is
approaching the exceptional point. Especially, the simulation
shows that the CCW component is about 484 times larger than
the CW component at exceptional point, indicating a nearly

perfect traveling wave mode.
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Fig. 4. (color online) Visualization of vortex laser angular momentum distribution. Panels (a) and (b) show the simulated intensity patterns |H| and H,
of a mode inside the vortex laser cavity at An, = An;. The weak fluctuation of the |H| and the periodicity of the H; clearly show a 16-order traveling
mode. (c) Ratio of CW and CCW component |ot,|* /|| as a function of real index modulation Ang. The imaginary index modulation is fixed
at An, = 0.01. The mode shows clear chirality in the vicinity of the exceptional point (An, = An;). The CCW component is about 484 times larger
than the CW component at exceptional point, which indicates a nearly perfect traveling wave mode. (d) Angular momentum distribution |ocm|2 of the
whispering-gallery mode at exceptional point (An, = An;= 0.01). The outer sidewall grating elements (g, = 18) couple the dominated CW mode to
the vertically emitted vortex beams with orbital angular momentum index m = —2 (16-18).

Figure 4(d) shows the orbital angular momentum distri-
bution of the mode at exceptional point, which illustrates the
physical process of the creation of the vortex beam. Under
the index modulation, the CW modes are dominant (two or-
ders larger than the CCW component while m = 16), and the
outer sidewall grating elements (gowg = 18) couples CW and
CCW traveling modes to the vertically emitting vortex beams
with orbital angular momentum indexes m = —2 and m = 2,
respectively. Thus, the emitted vortex beam with m = —2 from
CW mode is two orders larger than the vortex beam with m =2
from CCW mode, generating a vortex beam with definite an-

gular momentum.

3.5. Stability of the vortex-beam output in the lasing pro-

cess under pumping

Exceptional point is sensitive to the environmental pa-
rameters. Here we illustrate the stability of the vortex laser
in the lasing process under uniform pumping. The uniform
pumping of the gain material InGaAsP of the cavity is equiv-
alent to increasing the imaginary part of refractive index n,of
the InGaAsP. The uniformly changed background refractive
index n; will only cause the change of the first order of the
Fourier expansion coefficient of the refractive index, which
will not induce additional coupling between the CCW and
CW whispering-gallery modes according to the phase match-
ing condition, and thus will not cause the change of the ex-
ceptional point in parameter space. We have confirmed this by
3D full wave simulations. As shown in Fig. 5(a), the vortex
laser cavity mode becomes lasing and emitting vortex beam
with the increase of n;. However, the ratio of orbital angu-
lar momentum components is almost unchanged as shown in
Fig. 5(b), which confirms that the vortex laser is stable in the
lasing process. The system is stable while n, = —0.005, corre-

sponding to material gain of 202.5 cm~!, which is achievable

in InGaAsP system. 47!
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Fig. 5. (color online) Stability of the vortex-beam output in the las-
ing process under pumping. (a) The background gain dependence of
the cavity quality factor for a vortex beam laser at exceptional point
(Ang = An,=0.01) with Ny = 19. The uniform pumping gain of the
InGaAsP ring is mimicked by increasing the imaginary part of back-
ground refractive index n;. The quality factor is about 365 for the cav-
ity without gain. With the increasing of the gain coefficiency, the cavity
quality factor increases by orders of magnitude, indicating that the loss
is compensated by the gain. (b) Ratio of the CW and CCW compo-
nents |04, |? /|0t_u|* as a function of background refractive index n,.
The black dots show the main component of the mode is CW mode,
which is almost unchanged with the increase of the background refrac-
tive index n;. The CW traveling mode is coupled to a vortex beam with
azimuthal quantum number m = —2 (see the red dots).

4. Conclusions

In conclusion, the microscale vortex laser with controlled

topological charge is demonstrated. The vortex laser eigen-
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mode was synthesized in a meta-materials engineered non-

Hermitian micro-ring cavity system and the optical vortex

emission with defined orbital angular momentum can be ob-

tained in a controlled manner.

The vortex laser with con-

trolled topological charge synergizes lasing and modulating

functionalities in one device with microscale footprint, mak-

ing it a unique and general building block for next-generation

photonic integrated circuits and coherent vortex beam source.
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