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Abstract
Dual-vortex laser beams have been achieved in a decentered annular beam pumped
Nd:YAG/Cr4+:YAG composite crystal passively Q-switched microchip laser (PQSML). The
orientation and separation between two holes in dual-vortex lasers have been controlled by
adjusting the offset of collimating lens with respect to the optical axis of the pump light from
fiber-coupled laser diode. The offset of the collimating lens has nearly negligible effect on the
performance of the decentered annular beam pumped dual-vortex Nd:YAG/Cr4+:YAG PQSML.
The optical efficiency of 15.5% is achieved for dual-vortex lasers, which is comparable to that
for doughnut-shaped vortex laser under normal incident pumping. Pulse width is 3.6 ns and peak
power is over 5 kW for dual-vortex lasers with controllable orientation and separation between
two holes. The short pulse high peak power dual-vortex lasers with controllable orientation and
separation between two holes have potential applications in manipulating microparticles, data
storage and quantum information processing.

Keywords: dual-vortex laser, passively Q-switched laser, composite crystal, Nd:YAG, annular
beam pumping, decentered Gaussian beam

(Some figures may appear in colour only in the online journal)

1. Introduction

The vortex beam with spiral phase [1, 2] carries the orbital
angular momentum and can be widely applied in the fields
such as particle manipulation [3–5], material processing [6],
quantum information [7], optical imaging [8], and optical
communication [9, 10]. The Laguerre–Gaussian (LG) beam,
especially the LG0,n mode, has been widely studied as the
most common vortex beam in recent years [11–14]. However,
some applications of the LG0,n vortex beams are restricted
because the LG0,n vortices are characterized with only one
hole structure. The realization of the dual-vortex laser beam
has attracted great attention [15–18]. A dual-vortex laser
beam with unique characteristic of adjustable orientation and
separation between two holes offers more flexibility for
manipulating particles and information processing. Besides
the properties of vortex beams, the orientation and separation
between two holes in dual-vortex beams introduce two
additional variants for information processing, which will
dramatically increase the storage capacity of the optical

information when it is applied in optical communication.
Meanwhile, dual-vortex beams with variable separation
between two holes have been used to trap two metal nano-
particles, and overheating in the two dark regions can be
avoided [19].

A variety of technologies have been explored for gen-
erating dual-vortex lasers. Brambilla et al demonstrated a
dual-vortex laser based on a mode superposition method [16].
However, the orientation and separation between two holes
cannot be controlled because the amplitudes and phases of
two modes are fixed in the laser cavity. Bazhenov et al
reported a common method for generating a dual-vortex beam
using a spatial light modulator, and a Gaussian beam was
phase-modulated to carry two phase singularities [20].
However, extra optical components make the laser system
complex and the laser performance is restricted because of the
low damage threshold of spatial light modulators. Toda et al
also produced a paired optical vortex generated by the sec-
ond-harmonic using sub-picosecond pulses [21]. Although
the orientation of the paired vortices can be changed, the
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separation between two vortices cannot be flexibly adjusted.
Recently, direct generation of radial polarization and azi-
muthal polarization switchable optical vortex beam has been
demonstrated in an annular beam pumped Nd:YAG micro-
chip laser [22]. Moreover, various transverse laser modes
have been obtained in a Nd:YAG/Cr4+:YAG PQSML
pumped with a decentered Gaussian beam [23]. High repeti-
tion rate, nanosecond pulsed dual-vortex lasers will dramati-
cally enhance the capacity of data storage and flexibility of
manipulating macroparticles. The decentered annular beam,
formed by offsetting the collimating lens and focusing with a
hollow focus lens, could be an effective method for gen-
erating dual-vortex or other multi-singularity vortex arrays in
PQSMLs. The decentered annular beam induced absorbed
pump power distribution inside the gain medium provides
possibities for multi-transverse modes oscillation with con-
trollable phases and amplitudes. However, the mechanism of
controlling phases and amplitudes of multimode to form
stable two-vortex transverse patterns in a solid-state laser are
not clear. Nd:YAG/Cr4+:YAG composite crystals fabricated
with thermal bonding technology are potential laser materials
for constructing highly efficient PQSMLs with high peak
power because the air gap between the laser crystal and the
Q-switched crystal is eliminated, and the intra-cavity losses
are further reduced [24]. It is an interesting topic for inves-
tigating direct generation of dual-vortex lasers with con-
trollable orientation and separation between two holes in a
decentered annular beam pumped Nd:YAG/Cr4+:YAG
composite crystal PQSML.

In this paper, dual-vortex lasers with controllable orientation
and separation between two holes have been demonstrated in a
decentered annular beam pumped Nd:YAG/Cr4+:YAG com-
posite crystal PQSML. The orientation and separation between
two holes in dual-vortex laser beams can be controlled precisely
by adjusting the position of collimating lens. The dual-vortex
laser pulses with peak power of 5 kW and pulse width of 3.6 ns
have been achieved. The effective saturated inversion popula-
tions inside the laser crystal for different positions of collimating
lens are key factors for forming dual-vortex laser beams with
controllable orientation and separation between two holes.

2. Experiments

Figure 1 shows the experimental schematic for generating dual-
vortex laser beams with controllable orientation and separation
between two holes in a decentered annular beam pumped
Nd:YAG/Cr4+:YAG composite crystal PQSML. The laser
material is a composite crystal consisting of a 3-mm thick Nd:
YAG crystal and a 0.5-mm thick Cr4+:YAG crystal. The doping
concentration of Nd3+ ions is 1 at.%. The initial transmission of
the Cr4+:YAG saturable absorber is 90%. The aperture of the
Nd:YAG/Cr4+:YAG composite crystal is 10mm in diameter.
The measured absorption and emission spectra of the
Nd:YAG/Cr4+:YAG composite crystal are shown in figure 2.
The absorption spectrum of the Nd:YAG/Cr4+:YAG composite
crystal combines the absorption spectrum of the Nd:YAG
crystal and Cr4+:YAG crystal together. The absorption spectrum

of the Nd:YAG/Cr4+:YAG composite crystal from 750 to
850 nm is similar to that of the Nd:YAG crystal because the
Cr4+:YAG crystal has nearly no absorption at this spectral
region. The Cr4+:YAG crystal has a broad absorption band from
850 nm to 1200 nm. The emission spectrum of the
Nd:YAG/Cr4+:YAG composite crystal is also similar to that of
the Nd:YAG crystal, where the strong emission peak is centered
at 1064 nm. The Nd:YAG/Cr4+:YAG composite crystal and a
plane-parallel output coupling mirror are attached tightly to form
the microchip laser resonator. High-reflection at lasing wave-
length was coated on the Nd:YAG crystal surface of composite
crystal to act as a laser resonator mirror, and anti-reflection at
lasing wavelength was coated on the Cr4+:YAG crystal surface
of the composite crystal to reduce the intracavity loss. The
reflectivity of the plane-parallel output coupler is 70% at
1064 nm. A continuous-wave, fiber coupled laser diode working
at 808 nm is employed as the pump source. The pump light
from the fiber is collimated with a plano-convex lens (L1) and
focused with a hollow focus lens (L2) to form an annular pump
beam. Both the lenses have the same focal length of 8 mm. The
diameter of focus spot was measured to be 170 μm under nor-
mal incident pump light on the collimating lens. The decentered
annular pump beam is obtained by shifting the L1 away from the
propagation direction of the light from fiber. We placed the

Figure 1. Schematic of a decentered annular beam pumped Nd:
YAG/Cr4+:YAG composite crystal PQSML for generating dual-
vortex laser beams with controllable orientation and separation
between two holes. L1 is collimating lens. L2 is hollow focus lens.
O is the original coordinate (0,0) when the center of L1 is coincident
with optical axis of pump light. O1 is the offset coordinate (Δx,Δy)
of L1 with respect to the optical axis of pump light. OC is the output
coupler.

Figure 2. (a) Absorption spectrum and (b) emission spectrum of Nd:
YAG/Cr4+:YAG composite crystal at room temperature.
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composite crystal 0.3 mm away from the focus spot of L2 for
achieving good mode matching between pump beam and laser
beam. The output laser beam profiles were recorded by a beam
profile analyzer (Thorlabs BC106-VIS). The output laser power
was measured using a power meter (Thorlabs PM100D). The
pulsed laser characteristics were measured with a photo diode
and a 1 GHz oscilloscope.

3. Experimental results

When the optical axis of the collimating lens was coincident
with the pump light from fiber coupled laser diode, the
annular pump beam was normally incident on the composite
crystal. The LG0,1 doughnut beams were obtained in the
Nd:YAG/Cr4+:YAG composite crystal PQSML. Figure 3
shows some intensity distribution profiles of the obtained
LG0,1 doughnut vortices at different incident pump powers
(Pin). As Pin rises, the output laser transverse profile remains
unchanged. However, the intensity of transverse profile
increases with Pin owing to an increase in the pump power
intensity as Pin rises. The diameter of the doughnut-shaped
beam close to output coupler was measured to be about
220 μm in terms of 1/e2 intensity points of the outermost
lobe. The size of the singularity of the doughnut-shaped beam
is defined as the diameter between maximum intensity of the
doughnut beam, which is about 0.7 times of the beam dia-
meter of the doughnut-shaped beam. Therefore, the size of
singularity of the doughnut-shaped beam is 150 μm. A Mach–
Zehnder interferometer was used to carry out interference
experiments to confirm the helical phase nature of the
obtained vortices. The measured interference patterns of
obtained vortex laser beams with plane-wave reference beam
clearly show one fringe splits into two fringes to form a fork-
like fringe, and the structure and direction of the fork-like
fringe remain nearly unchanged with the increase in the Pin.
The pump power independent fork-like fringes of the

generated LG0,1 doughnut beams indicate that the output
beam is a vortex beam with one topological charge and
constant helicity.

Figure 4 shows the variation of the average output power
with respect to the incident pump power. The threshold pump
power was measured to be 1.82W because the large annular
pump beam at 0.3 mm away from focus spot was incident on
the composite crystal to excite LG0,1 vortex laser beam.
Therefore, the pump power intensity is lower than that at the
focus spot for the same pump power, and high pump power is
needed for laser oscillation. A linear increase of the average
output power with Pin is observed at Pin<5W. The slope
efficiency is about 26%. The increased rate of the average
output power with Pin slows down at Pin>5W. This was
caused by the pump power induced intensified thermal effect
of the gain medium. The maximum average output power of
over 1W is obtained at Pin of 6.14W, and the corresponding
optical efficiency is 16.3%. The optical efficiency of the
Nd:YAG/Cr4+:YAG composite crystal PQSML is 50% higher
than that achieved in continuous-wave Nd:YAG vortex
microchip laser (11.6%) [22]. The achieved optical efficiency
of the Nd:YAG/Cr4+:YAG composite crystal PQSML is also
higher than that obtained in Cr,Nd:YAG self-Q-switched
microchip laser (14% with respect to the incident pump power)
[25]. Enhanced performance of Nd:YAG/Cr4+:YAG compo-
site crystal PQSML is attributed to good mode matching
between annular pump beam and LG0,1 laser beam, and low
intracavity loss of composite crystal used in the experiments.
The measured laser emitting spectra at different Pins (inset in
figure 4) show the laser oscillates around 1064.6 nm and multi-
longitudinal mode oscillates depending on Pin. The number of
the longitudinal modes increases with Pin.

Figure 5 gives the variation of repetition rate, pulse
width, pulse energy and peak power with Pin. The repetition
rate increased linearly from 9.25 kHz to 62.25 kHz when the
Pin increases from 2W to 6.14W. According to the theory of
the passively Q-switched laser [26], the pulse repetition rate is
proportional to the inversion population induced by the pump

Figure 3. Pump power dependent intensity distribution (upper row)
and corresponding interference patterns (low row) of LG0,1 dough-
nut vortices obtained in the Nd:YAG/Cr4+:YAG composite crystal
PQSML.

Figure 4.Output power versus incident pump power of annular beam
pumped Nd:YAG/Cr4+:YAG composite crystal PQSML for LG0,1

doughnut-shaped vortex beam. The inset shows the laser emitting
spectra at different incident pump powers.
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power, therefore, the repetition rate increases linearly with the
pump power. The pulse width decreases from 4 ns to 3.4 ns
when the Pin increases from 2W to 3W and is kept around
3.4 ns until the Pin reaches 5.4W. The pulse width is broa-
dened with a further increase in the Pin due to increase of
initial transmission of Cr4+:YAG crystal caused by the strong
thermal effect at high pump power. The pulse energy
increases with the Pin and tends to be a constant of 18 μJ
when the Pin is higher than 3.5W. The unchangeable pulse
width and pulse energy at high pump power are caused by
fully bleaching of the saturable absorber at the high intra-
cavity laser intensity achieved. The pulse width and pulse
energy of passively Q-switched microchip laser are deter-
mined by the initial transmission of the saturable absorber and
cavity length. When the cavity length is set, the pulse width
and pulse energy are kept constant when the intracavity laser
intensity is high sufficient to beach the saturable absorber.
The pulse energy decreases with further increase in the Pin
owing to the thermal effect induced increase in the initial
transmission of the Cr4+:YAG crystal. The peak power
exhibits nearly the same tendency as the pulse energy, as
shown in figure 5(b). The highest peak power of 5.4 kW is
obtained within the pump power range from 3.5W to 5.2W,
which is about 31 times of that obtained in the Cr,Nd:YAG
self-Q-switched microchip vortex laser [25].

Dual-vortex laser beams with controllable orientation and
separation between two holes have been obtained in a
Nd:YAG/Cr4+:YAG composite crystal PQSML by adjusting
the position (Δx,Δy) of L1 with respect to the pump light
propagation direction of the fiber coupled laser diode. When
light from the fiber is normally incident on the L1, the position
of the L1 is labeled as (0, 0). The Pin was fixed at 3.8W,
which was one of the pump powers for achieving highest

output pulse energy for normally incident pumping condition.
When the L1 was moved away from the pump light propa-
gation direction of fiber coupled laser diode, the output laser
beam profile was changed from LG0,1-doughnut shape to a
dual-vortex profile. The orientation and separation between
two holes in the dual-vortex laser beam have been precisely
controlled by adjusting the position of the L1, e.g. moving L1
from original position O to a random position O1(Δx,Δy)
along the x-axis and y-axis in figure 1.

Firstly, the L1 was moved along the y-axis while the
position of L1 along the x-axis was kept unchanged at 0. The
offset between the optical axis of L1 and the optical axis of the
pump light from fiber coupled laser diode is Δy. The evol-
ution of dual-vortex laser beam profiles with Δy is shown in
figure 6, as depicted in the y-axis. The LG0,1-doughnut vortex
beam at (0,0) was elongated along the y-axis as Δy increases.
The elongated vortex beam eventually changes to a dual-
vortex profile when the Δy reaches to 40 μm. The distance
between the two holes in the dual-vortex laser profile
increases with the Δy, and reaches its maximum when Δy
arrives to 80 μm, where both holes have moved to the edge of
the laser beam profile. Secondly, theΔy of the L1 was fixed at
40 μm, the position of the L1 was moved along the x-axis, and
the distance between optical axis of L1 and the pump beam
axis is denoted as Δx. The evolution of dual-vortex laser
beam profiles with Δx is shown in the horizontal row of
figure 6. As |Δx| increases, the dual-vortex laser beam profile
is kept, however, the orientation of the dual-vortex laser beam
is rotated. The rotation angle increases with |Δx| and is kept
the same for the same |Δx|. The results indicate that the
orientation and separation between two holes in the dual-
vortex laser beams obtained in the Nd:YAG/Cr4+:YAG
composite crystal PQSML can be easily controlled by
adjusting the position (Δx,Δy) of the L1.

The phases of dual-vortex beams generated in the
Nd:YAG/Cr4+:YAG composite crystal PQSML have been
measured by using a Mach–Zehnder interferometer. The
output beam was split into two parts with a beam splitter, and
a plane wave reference beam was carefully selected with a

Figure 5. Repetition rate, pulse width, pulse energy and peak power
of Nd:YAG/Cr4+:YAG composite crystal PQSML as a function
of Pin.

Figure 6. Evolution of dual-vortex laser beam profiles with
controllable orientation and separation between two holes at
different positions of the collimating lens (Δx, Δy).
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tiny aperture. Then the interference patterns were obtained by
interfering between plane wave reference beam and the dual-
vortex beams. The typical interference fringes of dual-vortex
laser beams with different orientations are shown in the 2nd
column in figure 7. Two opposite fork-like fringes have been
observed for dual-vortex laser beams with different orienta-
tions. The two fork-like fringes indicate that the dual-vortex
lasers are vortex beams with two opposite topological
charges.

The laser performance of dual-vortex PQSML has been
measured at different offsets of the collimating lens. The
average output power of the dual-vortex lasers as a function
of the offset along the y-axis (Δy) is shown in figure 8. Under
the condition of Pin=3.8W and Δx=0, the average output
power was 0.59W at Δy=0. The average output power
decreases slightly with a further increase of Δy, and it was
0.54W at Δy=120 μm. There is about 8.5% drop of the
average output power when the Δy increases from 0 to

120 μm. The results indicate that the average output power is
nearly independent on the Δy, which provides a flexible
method to control the dual-vortex laser with different
separation between two holes. The laser emitting spectra at
different Δy were measured and found that laser oscillated in
three longitudinal modes at Δy<40 μm, and oscillated in
four longitudinal modes at Δy>40 μm.

Figure 9 shows the variation of repetition rate, pulse
width, pulse energy and peak power with Δy for dual-vortex
laser. The repetition rate nearly keeps about 32 kHz when the
Δy increases from 0 to 120 μm. The pulse width is nearly
kept a constant of 3.6 ns, independent on the Δy. As the Δy
increases from 0 to 120 μm, the pulse energy decreases from
18.9 μJ to 15.6 μJ and the peak power decreases from 5.2 kW
to 4.33 kW. The pulse energy and peak power drop about
16.6% when Δy increases from 0 to 120 μm, which is mainly
caused by the low pump power intensity induced by the
increase of the pump beam area with increase of Δy.

Figure 10 depicts the variation of the average output
power of dual-vortex laser with Δx when the Δy is fixed at
40 μm. The average output power decreases from 0.58W to
0.47W when the Δx increases from 0 to 80 μm. The further
decrease of the average output power with Δx is caused by
the decrease of the effective laser beam area which is pro-
portional to the pump beam area with sufficient pump power
intensity for laser oscillation. The pump beam area is further
enlarged by tilting the incident beam along the x-axis,
resulting in a further decrease of the pump power intensity
under the constant pump power. Therefore, the average output
power is further degraded with increase of the offset along the
x-axis (Δx) under the same pump power. The laser emitting
spectra at different Δx were measured and found that laser

Figure 7. Experimental obtained transverse intensity profiles and
interference patterns (1st and 2nd column), and theoretical calculated
transverse intensity patterns, interference patterns and phases
(3rd, 4th and 5th column) of dual-vortex laser beams at different
(Δx, Δy), (a) (−15, 40), (b) (0, 40), (c) (15, 40).

Figure 8. Variation of average output power with Δy for dual-vortex
Nd:YAG/Cr4+:YAG composite crystal PQSML under the condi-
tions of Δx=0, and Pin=3.8 W. Insets (a) and (b) show the
typical laser spectra.

Figure 9. Repetition rate, pulse width, pulse energy and peak power
of dual-vortex laser as a function of Δy at the condition of Δx=0
and Pin=3.8 W.
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oscillated in four longitudinal modes for different Δx, as
shown in the inset of figure 10.

Figure 11 shows the repetition rate, pulse width, pulse
energy and peak power as a function ofΔx when theΔy is fixed
at 40 μm and Pin is set at 3.8W. The repetition rate is kept
around 32 kHz and the pulse width is also kept at 3.6 ns inde-
pendent onΔx. The pulse energy is about 18 μJ when theΔx is
increased to 50 μm and the pulse energy decreases slightly with
a further increase in the Δx. There is about 18.3% decrease for
the energy when the Δx increases from 0 to 80 μm. The same
tendency of the peak power with Δx has been observed. The
peak power decreases from 5 kW to 4.1 kW when the Δx
increases from 0 to 80 μm. There is about 20% drop of the peak
power when the Δx increases from 0 to 80 μm. The decrease of
the pulse energy and peak power with Δx is mainly caused by
the decrease in the effective laser beam area. When the Δy is
fixed at 40 μm, the pump beam area is further enlarged by

shifting L1 along the x-axis, resulting in decrease of the pump
power intensity under the same pump power. Therefore, the
effective laser beam area is decreased with Δx. The pulse
energy and peak power are proportional to the laser beam area,
thus the output pulse energy and peak power decrease at large
Δx (e.g. Δx>50 μm). The performance of dual-vortex lasers
at different parameters of Δx and Δy were checked and found
that the average output power and pulse characteristics were
kept unchanged for over 10min. Meanwhile, the beam profiles
were stable for long term operation. Therefore, stable laser
operation was achieved in a dual-vortex passively Q-switched
microchip laser.

4. Theoretical analysis and discussion

It is well known that formation of laser mode in a resonator is
mainly determined by the inversion population distribution in
the gain medium. The hollow focus lens focused annular
pump beam used in the laser experiment is similar to a LG0,1

beam profile. Therefore, by offsetting the collimating lens, L1,
along the x-axis and y-axis, the decentered annular beams
with different tilted angles were obtained. The inversion
population inside the gain medium pumped with the decen-
tered annular beam can be expressed as [23, 27]

where Pin is the incident pump power, fa is the fractional
equilibrium Boltzmann population in the upper laser level (1
for a four-level system), α and τ are the absorption coefficient
and the fluorescence lifetime of the gain medium respectively,
h is the Planck constant, νp is the frequency of the pump
beam, wp is the pump beam waist, j indicates the angle
between

 
D + Dxx yy and the x-axis, and θ denotes the

incident angle of the pump beam with respect to the laser
beam axis and is expressed as [23]
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Figure 10. Average output power of dual-vortex PQSML as a
function of Δx when the Δy is fixed at 40 μm and Pin is set at 3.8 W.
The inset shows the typical laser spectrum.

Figure 11. Repetition rate, pulse width, pulse energy and peak power
of dual-vortex laser as a function of Δx when the Δy is fixed at
40 μm and Pin is 3.8 W.
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where D = D + Dd x y ,2 2 f1 and f2 are the focal length of
the collimating lens L1 and focus lens L2, respectively, and z1
is the distance between the two lenses. By taking into account
the intracavity laser intensity, the saturated inversion popula-
tion can be expressed as

( ) ( )
( )

( )=
D
+

N x y z
N x y z

I x y z I
, ,

, ,

1 , ,
3sat

sat

where I(x, y, z) is the intracavity laser intensity and Isat is the
laser saturation intensity of the gain medium. To reflect the
overall effect, we define the effective saturated inversion
population to represent the position dependent saturated
inversion population distribution in the cavity. The effective
saturated inversion population for a laser crystal with length
of l is expressed as

( ) ( ) ( )/ò=-N x y N x y z dz l, , , . 4sat eff

l

sat
0

The effective saturated inversion population distributions
in the laser medium at different offsets of L1 are numerically
calculated and are shown in figure 12. The effective saturated
inversion population distribution is an annular-shape when
the optical axis of the collimating lens is set at original
position, e.g. (0,0). The ring-shaped effective saturated
inversion population distribution turns to be elongated gra-
dually along the y-axis as the collimating lens is shifted away
from the pump light propagation direction emitting from fiber,
e.g. Δy>0. The effective saturated inversion population
distribution is further elongated with increase in Δy, even-
tually two holes are formed at Δy=40 μm, the separation of
two holes increases with a further increase in the Δy, as
shown in the vertical column in figure 12. When Δy was set
at 40 μm, the effective saturated inversion population was
calculated at different Δx. The orientation of the effective
saturated inversion population distribution was rotated with
an increase in the |Δx|, as shown in the row in figure 12. The
change of the effective saturated inversion population dis-
tribution with a position of the collimating lens (Δx,Δy)

determines the formation of various dual-vortex laser beams
in a decentered annular beam pumped Nd:YAG/Cr4+:YAG
composite crystal PQSML (figure 6). When the collimating
lens is moved to the position (e.g. Δx=0, Δy=80 μm), the
effective saturated inversion population around the edges of
the two holes is too weak to support the laser oscillation in the
cavity. Therefore, the dual-vortex laser beam tends to dis-
appear and a distorted laser beam profile is observed, as
shown in the intensity profile at (0, 80) in figure 6.

The multiple transverse modes oscillation in a laser
system depends on the gain achieved to overcome the laser
thresholds for different transverse modes, stable multimode
transverse patterns are possible when the gains are sufficient
to support two or more transverse modes oscillate simulta-
neously. Therefore, the electrical field of stationary dual-
vortex laser can be treated as a superposition of LG1,0, LG0,1,
LG0,-1 modes with different weights, which can be described
as a linear combination of the three modes [16],

( ) ( ) ( )∣ ∣
( )∣ ∣ ( )

f f f
f

= +

+

q

q
-

E r E r g E r g e

E r g e

, , ,

, 5

i

i

1,0 1 0,1 2

0, 1 3

2

3

where E1,0, E0,1 and E0,-1 are the electrical fields of LG1,0,
LG0,1 and LG0,-1 modes, g1, g2 and g3 are the weights of
amplitudes for LG1,0, LG0,1 and LG0,-1 modes, θ2, θ3 are the
rotation angles of the LG0,1 and LG0,-1 modes, satisfying
θ2+θ3=π.

Dual-vortex beam profile was formed theoretically with
g1=1.6, g2=1 and g3=1 based on the oscillation of LG1,0

and LG0,1 modes simultaneously when the LG1,0 mode reaches
the lasing threshold. The rotation of dual-vortex beam was
controlled by adjusting the rotation angles θ2 and θ3. The
theoretically calculated dual-vortex lasers with different
orientations are shown in the 3rd column of figure 7. The
theoretically calculated dual-vortex transverse profiles are in
good agreement with the experimentally obtained transverse
profiles (1st column in figure 7), which indicates the experi-
mentally obtained dual-vortex transverse profiles are super-
position of LG1,0, LG0,1, LG0,-1 modes. With the theoretically
calculated dual-vortex laser transverse intensity profiles, the
interference patterns and phases of the obtained stationary dual-
vortex laser with a plane-wave reference beam can be theore-
tically calculated, as shown in the 4th and 5th columns in
figure 7. The theoretically calculated interference patterns
indicate two vortices with opposite helical phases oscillate in
annular beam pumped Nd:YAG/Cr4+:YAG PQSML. As
shown in the 2nd and 4th columns, good agreement is achieved
between the theoretically calculated and experimentally
obtained interference patterns, which provides strong evidence
for an annular beam pumpbed Nd:YAG/Cr4+:YAG PQSML
oscillating in two vortices with opposite helical phases.

From experimentally obtained dual-vortex lasers with
controllable orientation and separation between two holes and
numerically calculated effective saturated inversion popula-
tion distributions, it is obviously found that dual-vortex laser
beams with specified separation between two holes and
desired orientation can be obtained by adjusting the position
(Δx, Δy) of collimating lens L1. The separation between two

Figure 12. Numerically calculated effective saturated inversion
population distributions inside the laser medium in the Nd:YAG/
Cr4+:YAG PQSML under decentered annular beam pumping. The
position of the collimating lens L1 is labeled as (Δx, Δy).
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holes in the dual-vortex laser beam (Δd2-hole) obtained in
the Nd:YAG/Cr4+:YAG PQSML is proportional to Δd as
follows,

( )D = D-d d1.75 . 6hole2

The dual-vortex laser oscillates for Δd with the range
from 20 to 113 μm. When the Δd is smaller than 20 μm, the
effective saturated inversion population is close to the
doughnut-shape and supports the oscillation of doughnut-
shaped LG0,1 mode. When the collimating lens is moved
larger than 80 μm away from the original point along either
the x-axis or y-axis, e.g.Δd>113 μm, the effective saturated
inversion population at the brim of two holes tends to
decrease and cannot support dual-vortex laser oscillation
because the pump power intensity decreases for a constant
pump power as the pump beam area increases.

The angle between the dual-vortex laser beam and the
x-axis can be described as,

( ) ( )q j= = D + D- x i yarg . 7hole2

From expression (7), we can obtain the dual-vortex laser
beams with arbitrary orientation from 0° to 360° if theΔx and
Δy of the collimating lens are precisely controlled.

5. Conclusions

Dual-vortex laser beams have been obtained in a
Nd:YAG/Cr4+:YAG composite crystal PQSML pumped with a
decentered annular beam. The orientation and separation
between two holes in the dual-vortex laser beams have been
controlled by moving the collimating lens along the x-axis or y-
axis. The performance of the dual-vortex Nd:YAG/Cr4+:YAG
composite crystal PQSML is comparable to LG0,1-doughnut
vortex laser. Average output power of over 1W has been
achieved in LG0,1-doughnut vortex Nd:YAG/Cr4+:YAG
PQSML, and the optical efficiency is 16.3% with respect to the
incident pump power. Average output power of 0.58W has been
obtained in dual-vortex PQSML at incident pump power of
3.8W, and the optical efficiency is 15.5%. The laser pulses with
the pulse energy of 18μJ, the pulse with of 3.6 ns and the peak
power of over 5 kW have been achieved for dual-vortex lasers.
High peak power, dual-vortex pulsed lasers with controllable
orientation and separation between two holes provide a potential
arena for various applications such as micro-particle manipula-
tion, quantum computation, and optical communication.
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