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The rapid developments in orbital-angular-momentum-carrying Laguerre-Gaussian (LG{) modes in
recent years have facilitated progress in optical communication, micromanipulation, and quantum infor-
mation. However, it is still challenging to efficiently generate bright, pure, and selectable LG? laser modes
in compact devices. We demonstrate a low-threshold solid-state laser that can directly output selected
high-purity LG? modes with high efficiency and controllability. Spin-orbital angular momentum conver-
sion of light is used to reversibly convert the transverse modes inside a cavity and determine the output
mode index. The generated LG? and LG(Z) laser modes have purities of approximately 97% and approxi-
mately 93% and slope efficiencies of approximately 11% and approximately 5.1%, respectively. Our cavity
design can also be easily extended to produce higher-order Laguerre-Gaussian modes and cylindrical vec-
tor beams. Such a compact laser configuration features flexible control, low threshold, and robustness,
making it a practical tool for applications in superresolution imaging, high-precision interferometers, and

quantum correlations.
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I. INTRODUCTION

Laguerre-Gaussian (LG}) modes, characterized by the
azimuthal index / (any integers) and the radial index
p (zero or positive integers), are the eigen solutions of
the paraxial wave equation in cylindrical coordinates [1].
These LGI; modes form a complete and orthonormal set,
so that an arbitrary spatial light field can be expressed
as the superposition of LG; modes [2]. The LG] modes
with p =0, as special optical vortexes, have been a hot
research topic since the orbital angular momentum (OAM)
properties of light beams were identified in the azimuthal
phase term ¢ of the LG? modes [3]. The LG? mode car-
ries an OAM of [ per photon, where 7 is the reduced
Planck constant and / is also called a topological charge
(TC). Featuring donut-shaped intensity distributions and
carrying OAM, the LG? modes have been widely applied
in optical tweezers, nonlinear and quantum optics, opti-
cal communication, superresolution imaging, material pro-
cessing, rotation Doppler effect, and so on [4—15]. The
evolving practical applications inevitably require high-
quality LG} laser modes. For example, a pure LG? mode
has a more uniform donut-intensity distribution along
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the propagation direction, which can increase the depth
resolution in superresolution imaging [16]. In the field of
precision measurement, it has been shown that higher-
order LG, modes can reduce thermal noise in the LIGO
system for gravitational-wave detection because of their
more homogeneous power distributions [17,18]. The high-
precision optical interferometry in the laser interferometer
gravitational-wave observatory (LIGO) system requires a
high-purity LG; mode. In quantum information science,
high-purity LG, modes could increase hybrid azimuthal-
radial quantum correlations [19-21]. However, it is still a
challenge to efficiently generate high-purity LG} modes in
a simple optical setting. We experimentally demonstrate
an intracavity spin-orbital angular-momentum conversion
method to produce selected high-purity LG? laser modes,
which can be feasibly extended to generate other LG/ laser
modes.

The common way to generate a LG? beam is to add the
azimuthal phase term of ¢’ to a Gaussian mode using
a fork-grating, a ¢ plate, a spiral phase plate, and so
on [22]. However, directly adding a spiral phase to the
Gaussian mode will generate a hypergeometric-Gaussian
(HyGG) mode with a definite / index, but with an expan-
sion of the p index [23,24]. The multiple p components
decrease the mode purity and conversion efficiency of the
desired LG,0 beam. Furthermore, the power weightings of
these undesired LG} (with p > 0) modes have positive
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correlations to the modulus of the / index. These undesired
radial modes hidden in the LG) beam will decrease the
imaging resolution in a superresolution microscope, reduce
the accuracy of a high-precision interferometer [25], con-
taminate quantum information processing [19,20], and
induce uncertainties in nonlinear interactions [26].

Researchers have turned to intracavity modulation for
generating high-purity LG? modes, since an optical cav-
ity can perform mode selection and directly output
laser modes [27,28]. Unfortunately, because LG? modes
with opposite handedness (for example, /=1 and /= —1
modes) have the same loss and are degenerate in an
active optical cavity, their coherent superpositions usually
form petal-intensity patterns [29,30]. The superposition of
two petal-intensity patterns may form a donut-intensity
profile, but not a pure LG? mode [31]. Special com-
ponents, such as nanoscale stripes and oblique etalons,
are proposed to discriminate the degenerate LG? modes
inside active cavities. However, the additional components
with circular asymmetries spoil the mode purities of the
generated LG) modes, which has impeded their further
development [32,33]. Recently, g plates, a kind of planar
phase-modulation device, are utilized inside the laser cav-
ity for generating high-purity LG modes [34]. However,
the impractical laser parameters, such as the extremely
high pump power needed for operation, severely limits
its further applications [34]. To generate useful LG laser
modes with high mode purities, low lasing thresholds, and
controllable mode indices, the laser cavity needs to be
carefully designed with proper control and selection of
intracavity components.

In our experiment, we put a vortex half-wave plate
(VWP, Thorlabs, Inc.), a Faraday rotator (FR), and a
quarter-wave plate (QWP) inside a Nd:YV Oy laser cavity,
which can achieve cavity mode reversibility through intra-
cavity spin-orbital angular-momentum conversion. The
process is self-producing after each round trip. The QWP
generates a circularly polarized state carrying a spin
angular momentum (SAM) of +A per photon depend-
ing on its handedness [35]. The interaction between a
photon and an optically anisotropic medium will change
the value of the photon’s SAM and induce a geometric
phase shift [36]. The VWP, featuring the artificial heli-
cal anisotropic parameter space, can add a spiral geometric
phase to an incident mode by flipping the handedness of its
circular polarization, i.e., spin-orbital angular-momentum
conversion. Therefore, the VWP converts the SAM or
polarization of the intracavity field into the OAM, and flex-
ibly controls the TC [37]. The modulus and sign of the
TC can be changed by using different VWPs and rotating
the QWP, respectively. Since the intracavity spin-orbital
angular-momentum conversion requires the cavity mode
to evolve from a Gaussian shape at the front mirror to a
desired LG mode at the output mirror, it is essential to
guarantee the effective mode conversion in cavity design.

By carefully optimizing the cavity mode to match the
unique requirements of each intracavity component, the
laser outputs a selected high-purity LG? laser mode, for
example, a LG‘l) (LGg) mode with a mode purity of approx-
imately 97% (approximately 93%), at a wavelength of
1064 nm in our experiment. The specially designed com-
pact cavity requires only a few intracavity components,
which benefits the system stability, loss control, and prac-
tical operation. The lasing thresholds for lower-order LG
modes are comparable to that of the Gaussian mode and
the slope efficiencies of the LGY and LG) lasing modes
are approximately 11% and approximately 5.1%, respec-
tively. The beam quality factor and mode stability at high
pump power also show the excellent laser performance.
The flexibility of the cavity design is also reflected in its
ability to generate laser outputs of vector beams with cylin-
drical symmetry in polarization by slightly modifying the
intracavity elements [38].

II. MATERIALS AND METHODS
A. Working principle of the VWP

The VWP can be seen as a spatially variant half-wave
plate, whose fast axis rotates continuously over the area of
the optic around a singularity point. Its transmission effi-
ciency is up to 96%. The orientation of its fast axis can be
expressed as

0(p) = %wwo, (1)

where ¢ is the azimuthal angle, ¢ is the orientation of the
fast axis at ¢ =0, and m is a positive integer determined
by the VWP. Its Jones matrix can be written as [37]

cos 26
M©) = |:sin29

If we apply it to a horizontally polarized light beam, the
output result can be expressed as

)

sin 26
—cos20 |°

. 1\ | cos(me + 2¢0)
Ey=M®) (O) o |:sin(mg0 + 2<p0):| ) )

Equation (3) shows that each point on the transverse
plane of the output beam is linearly polarized, but the
polarization direction depends on the azimuthal angle
@. Therefore, an input linearly polarized Gaussian mode
will generate a cylindrical vector beam [38]. If we apply
it to a left-circularly-polarized (LCP) or right-circularly-
polarized (RCP) OAM mode with TC of /y:

“4)

M@©) x |lo, L) = |lo +m, R),
M@®) x |, R) = |lp —m, L),
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where L and R refer to the LCP and RCP states and both
the SAM and OAM change during the process of the spin-
orbital conversion. A LCP (or RCP) OAM mode with TC
of [y passing through the VWP will become a RCP (or
LCP) OAM mode with TC of /) 4+ m (or ly—m). When [
equals zero (e.g., the Gaussian mode), the TC will be con-
trolled only by the m value of the VWP and the handedness
of the incident circularly polarized beam.

B. Principle of intracavity spin-orbital
angular-momentum conversion

In a stable laser cavity, a light beam should reproduce
itself after each round trip when the cavity resonates. Since
each point on the VWP is a half-wave retarder, a lin-
early polarized light beam, propagating forward and then
reflecting backward through the same VWP, is equivalent
to passing through a full-wave plate in which the initial
polarization and wavefront are recovered [Fig. 1(a)]. To
convert the spin and orbital angular momenta, a QWP is
needed to turn the linearly polarized state to the circu-
larly polarized state. The combination of the FR and QWP
makes the light beam reversible when its initial polariza-
tion direction is parallel to the optical axis of the QWP
[Fig. 1(b)]. Therefore, by combining the FR, QWP, and
VWP, we achieve a complete reversible cycle inside a
laser cavity for the output of a selected OAM-carrying
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FIG. 1. Reversible light transmission in a laser cavity. (a) A
reversible optical setup including a VWP and a mirror. (b) A
reversible optical setup including a FR, a QWP, and a mirror.
(c) A reversible optical cavity combining the FR, QWP, and
VWP for OAM mode generation. (d) The complete reversible
cycle of mode transformation in (c). Black arrows represent the
propagation directions of light. Green arrows correspond to the
polarization of light.

mode [Fig. 1(c)]. Here, the FR enables mode-reversible
propagation. The system is greatly simplified in compar-
ison to the previous intracavity geometric-phase-control
configuration [34]. Figure 1(d) shows a one-round-trip
mode transformation for the laser output of a |ly + m, R)
mode in the configuration shown in Fig. 1(c). The config-
uration performs the transformation |ly, H) — |ly + m, R)
in the forward propagation and |-y — m, L) — |—ly, H) in
the backward propagation, where H refers to the horizon-
tally polarized state. The intracavity spin-orbital angular-
momentum conversion happens when light passes through
the VWP, ie., |lo,L) — |lp + m,R) for forward conver-
sion and |—ly — m,L) — |—Iy,R) for backward conver-
sion, considering that the reflection at the output coupler
induces the inversions of handedness for both SAM and
OAM. The additional TC of m is cancelled in a round trip
to satisfy the reversible transformation in the cavity. In
addition, orienting the fast axis of the QWP vertically, the
forward conversion becomes |ly, H) — |ly — m, L), which
will output the |y — m, L) mode. In our experiment, the
cavity mode between the front mirror and the VWP car-
ries a TC of [y =0, so the TC of an output mode is directly
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FIG. 2. Experimental setup and the output intensity patterns.

(a) The experimental setup for generating LG? laser modes. An
end-pumped solid-state laser comprised of a Nd:YVOy crystal, a
lens, and an output coupler working at a wavelength of 1064 nm.
The crystal is pumped by an 808-nm-wavelength fiber-coupled
diode laser. Following the crystal, a PBS, a FR, a QWP, and a
VWP are placed in the cavity successively for polarization state
control and spin-orbital angular-momentum conversion. All of
them have antireflection coatings and are oriented precisely so
that the whole cavity satisfies the reversible propagation condi-
tion. (b),(c) are the output LG? and LGO_1 modes using a VWP of
m =1, respectively. (d),(e) are the output LGg and LG(l2 modes
using a VWP of m =2, respectively. These images are captured
50 cm away from the output coupler. From (b),(d), the measured
diameters of the output LG and LG) modes are 2 and 2.4 mm,
respectively.
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FIG. 3. Output powers vs the pump power. The experimen-

tally measured output powers of the LG, LGY, and LG) laser
modes are shown by black, red, and blue dots, respectively. The
corresponding fitting results are shown in colored lines.

controlled by the QWP and the VWP (see Appendix A for
the self-reproducing process).

C. Laser cavity design

Figure 2(a) shows the experimental setup. An end-
pumped solid-state laser, working in continuous-wave
mode at a 1064-nm wavelength, is comprised of a
Nd:YVOy crystal as the gain medium, a film coated on
the front face of the crystal as a front mirror, a lens with
a focal length £, and a partially transmitted plane mirror as
an output coupler. The FR, QWP, and VWP are inserted
into this laser cavity to achieve reversible mode conver-
sion during spin-orbital conversion. The lens divides the
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cavity into two parts [Part 1 and Part 2 in Fig. 2(a)] with
lengths labelled as L4 and L, satisfying the cavity stability
condition [39]

(1= (1t <
(e

We choose to work under the conditions of L4 <f and
Lp < f Considering the refractive indices of the gain
medium, FR and QWP in the first part of the cavity, the
actual L4 can be a bit larger than f without breaking the
cavity stability condition. To optimize mode matching, L4
is set to approach f* so that the cavity mode has a diame-
ter large enough at the position of the lens and a diameter
comparable to that of the pump beam at the position of
the gain medium. In the cavity design, a Gaussian mode
presents at the gain medium to match the pump laser mode.
The pump beam is focused on the crystal with a 200-
um-diameter Gaussian spot. The VWP is placed in Part
2 of the cavity adjacent to the lens to take advantage of
the large mode size. A polarization beam splitter (PBS) is
inserted between the gain medium and the FR to elimi-
nate the unwanted vertically polarized light caused by the
imperfect polarization modulation from the FR, QWP, and
VWP. A 1-mm-diameter pinhole is placed at the front of
the output coupler to filter out the higher-order transverse
modes so that the cavity can output the desired LG? beam.
Therefore, in an ideal case with a highly efficient intracav-
ity mode conversion, a LG8 mode (i.e., Gaussian mode)
is expected to oscillate in Part 1 of the cavity, while a
LG? mode oscillates in the regime of Part 2. It should
be noted that the actual cavity mode in Part 1 is not per-
fectly Gaussian because the VWP can only introduce a
helical phase [23]. Under such an experimental configura-
tion, higher-p-order LG modes are greatly suppressed and
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FIG. 4. Modal decomposition results. The modal decomposition results of the output LG? mode (a) and LGg mode (b), respectively.
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the laser will output a selected high-purity circularly polar-
ized LG) mode (see Appendix B for detailed information
of the experimental setup). Figure 2(b) shows an output
LG? laser mode generated by the VWP of m = 1. The LG? |
mode can be generated [Fig. 2(c)] by rotating the QWP
with an angle of 90°. Replacing the VWP with m =2, we
have generated the LG) (or LG”,) mode by orienting the
fast axis of the QWP horizontally (or vertically) as shown
in Fig. 2(d) [or Fig. 2(e)]. All the intensity profiles present
a high-quality donut shape. Since the experimental setup is
similar for generating RCP LG?,‘ and LCP LGO_‘ ; modes,

we will only present the laser properties of RCP LG and
LG laser modes in the following.

II1. RESULTS AND DISCUSSION
A. Lasing threshold and slope efficiency

Figure 3 shows the output power dependencies on the
pump power for the generations of LG), LGY, and LG)
laser modes. When the VWP is absent, the laser outputs a
LCP LG8 mode with a lasing threshold of approximately
0.5 W and a slope efficiency of 18.2%. Despite the extra
loss induced by inserting the VWP, the threshold of the
lasing LGY mode is only approximately 0.7 W with a cor-
responding slope efficiency of 11.06%. When the pump
power increases to 1.7 W, the output power of the LG(I)
mode reaches 120 mW. The lasing threshold is increased
to 1.8 W for the LG) mode generation with a slope effi-
ciency of 5.11%, because the loss due to the undesired
modes generated by the VWP increases with the / value.
Under the present experimental setup, the output power
is limited by the damage thresholds of the components in
the cavity. The intensity profiles are well preserved under
different pump powers (see Appendix C). For generating
high-power and/or higher-order LG modes, it is crucial to
further improve the performances of the intracavity com-
ponents, especially the conversion efficiency of the VWP.

B. Mode purities

Next, we present the transverse-mode-selection ability
of the laser cavity by measuring the mode purities of the
output LGY modes. We use a modal decomposition method
to measure the purities of the output LG? laser modes
under the output power of approximately 40 mW. One
can see Refs. [24] and [40] for the detailed method. A
group of pure LG] modes with p=0-5 and /=0, 1, 2 are
chosen to decompose the output LGY laser mode to deter-
mine its mode purity. Figure 4(a) shows the decomposing
results in a histogram. The x axis and y axis represent the p
index and / index, respectively, while the z axis shows the
power weightings of different LG) modes. The measured
purity of the output LG(I) mode is 96.8%. Other undesired
modes have been suppressed to near zero. To measure
the output LG) laser mode, we choose a group of pure

LGf modes with p =0-5 and /=1, 2, 3. The result shows
the main power weighting of the LGY mode to be 92.7%
[Fig. 4(b)]. The active cavity plays an important role in the
transverse-mode selection, which increases the mode puri-
ties appreciably as compared to the achieved mode purities
through extracavity modulation using VWPs (typically
approximately 80% for the LG mode and approximately
60% for the LG mode) [24].

C. Laser output of cylindrical vector beams

Laser beams with different axial symmetries in polar-
ization, the so-called cylindrical vector beams, can also be
generated by different combinations of VWPs and linearly
polarized directions of incident beams [38,41]. As shown
in Fig. 1(a), a single VWP can achieve a reversible prop-
agation cycle inside a laser cavity, which can be used to
directly produce laser outputs of cylindrical vector beams.

C) 1

Intensity (arb. uﬁits)

FIG. 5. Intensity patterns of cylindrical vector laser beams.
Intensity patterns of the azimuthal (a) and radial (b) vector beams
generated by a VWP of m = 1. (¢) A higher-order cylindrical vec-
tor beam generated by a VWP of m = 2. (d)H(f) are the measured
intensity distributions after passing through a linear polarizer
oriented at different angles of 0, 45°, 90°, and 135°, which cor-
respond to (a)~(c), respectively. Arrows are used to indicate the
polarization distributions in (a)~c) and the orientations of the

polarizer in (d)—(f).
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Therefore, the new setup satisfies the self-reproducing
and stability conditions for a cavity. The light beam inci-
dent on the VWP is fixed into a horizontal polarization
in our experiment, so the output polarization distribution
can be directly controlled by rotating the VWP to change
@o in Eq. (3). A linear polarizer is used to analyze the
polarization distribution of the output beam. Figures 5(a)
and 5(b) show the output cylindrical vector beams with a
well-defined donut-intensity distribution by orienting the
VWP of m=1 with different initial angles of ¢¢=45°
and ¢o=0°, respectively. By orienting the linear polar-
izer at angles of 0, 45°, 90°, and 135°, the measured
intensity distributions are shown in Figs. 5(d) and 5(e),
which indicate that the output beams shown in Figs. 5(a)
and 5(b) are azimuthal and radial vector beams, respec-
tively [42]. Using the VWP of m=2, we generate a
higher-order cylindrical vector beam with negligible radial
modes [Fig. 5(c)]. The measured intensity distributions
after the linear polarizer, as shown in Fig. 5(f), reveal the
cylindrical polarization distribution of Fig. 5(c). The cylin-
drical vector beams with a well-defined donut-intensity
profile and controllable polarization distribution can be
applied in optical communication, material processing,
superfocusing, etc. [42—45].

IV. CONCLUSIONS

In summary, we have demonstrated a Nd:YVO, laser
generating high-purity LG? laser modes. The cavity design
satisfies the light reversibility and stability conditions for
a cavity, which plays a key role in efficient generation
of a high-purity LG mode. The degeneracy of opposite-
handedness LG modes is lifted through converting SAM
into OAM for the field mode in the laser cavity. The out-
put power dependencies on the pump power show low
lasing thresholds (0.7 W for LGY and 1.8 W for LGY)
and high slope efficiencies (11.06% for LG? and 5.11%
for LGY) for the generated LGZ0 modes. The mode puri-
ties are up to approximately 97% and approximately 93%
for the output LG and LG modes, respectively. The laser
parameters are greatly improved in comparison to previ-
ous LG mode lasers. Changing the fast-axis orientation
of the QWP, the generated LCP LG’ | and LG’ , modes
have similar high-quality features as those of the LG and
LGg modes. The intensity profiles remain stable at dif-
ferent pump powers showing the mode stability of the
cavity. Those features make the LG? laser beam practical
and the preferred choice for applications in optical tweez-
ers, optical metrology, superresolution imaging, material
processing, and so on. By further simplifying the cavity,
different high-quality cylindrical vector beams have also
been produced, which can be used in superfocusing and
particle trapping. Less complexity in cavity construction
and adjustment will allow our scheme to be easily trans-
planted into other laser and nonlinear systems, such as

Ti:Sapphire lasers, He-Ne lasers, CO, lasers, and even
optical parametric oscillators. Furthermore, due to the flex-
ible controllability of the azimuthal index and the low las-
ing threshold, it is possible to use such a setup to generate
high-quality LG} modes by replacing the VWP with LG/
modal ¢ plates or J plates [46,47], which can be used to
further increase the precision of gravitational-wave detec-
tion, extend high-dimensional entanglement and optical
communication bandwidth, and design more sophisticated
trapping configurations [19,20,25,48-50].
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APPENDIX A: SELF-REPRODUCING PROCESS

As shown in Figs. 1(c) and 1(d), a horizontally polar-
ized OAM mode with a TC of /; passes through the FR
with its polarization direction rotating 45° clockwise. The
fast axis of the QWP is oriented horizontally so that the
linearly polarized state turns into a LCP state. After pass-
ing through the VWP, the LCP state is reversed to a RCP
state and an OAM mode with TC of [y+m is generated
as the output mode. Both the handedness of the circu-
larly polarized state and the TC reverse again after the
OAM mode is bounced back by the output coupler. Trav-
elling back through the same VWP and QWP successively,
the additional TC of the OAM mode is cancelled and the
polarization direction has an angle of 135° with the initial
polarization direction. In this process, the LCP OAM mode
turns into a linearly polarized OAM mode with a TC of .
Twisted by the FR again, the polarization state rotates 45°
clockwise and recovers to the initial horizontal direction.
The reflection of the front mirror inverses the TC to its ini-
tial value of /y, while keeping the horizontal polarization
unchanged. Such a cycle repeats in the cavity. Similarly,
orienting the fast axis of the QWP along the vertical axis,
a LCP OAM mode with TC of /[y —m will be generated.

APPENDIX B: EXPERIMENTAL SETUP

As shown in Fig. 2(a), an a-cut 0.5 at. % Nd-doped
YVO, crystal with dimensions of 3 x 3 x 8 mm? serves
as the gain medium. One of its ends, acting as the front
mirror, is coated with a reflectivity >99.9% at 1064 nm
and a transmittance >97.7% at 808 nm; the other end has
a high transmittance of >99.8% at 1064 nm. The crystal
is mounted on a water-cooled copper holder maintained
at room temperature and is oriented to generate horizon-

tally polarized light. The output coupler is a plane mirror
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(b)

with a transmittance of 10% at 1064 nm. The lens with
a focal length f* is inserted into the cavity to ensure the
cavity satisfies the stability condition. The pump source is
a fiber-coupled laser diode outputting a continuous wave
at an 808-nm wavelength, which is coupled out by a tele-
scope and forms a 200 um-diameter focusing spot in the
crystal. The FR, QWP, and VWP are inserted into the laser
cavity to achieve reversible mode conversion inside the
cavity. The PBS next to the crystal eliminates unwanted
vertically polarized light and the pinhole with a diam-
eter of 1 mm suppresses the higher-p-order modes. To
generate LGY/LG" | (or LGY/LG",) laser modes, we use
a VWP of m=1 (or m=2). The cavity parameters are
set to be f =200 mm, Ly =205 mm, and Lz =45 mm
for LGY/LG", modes and /' =400 mm, L, =380 mm,
and Lg =45 mm for LGY/LG", modes. The output laser
beams are recorded by a laser beam profiler (LBP, Newport
Corporation).

APPENDIX C: STABLE INTENSITY PROFILES

To demonstrate the excellent mode stability of the out-
put LG? beams, we record the intensity patterns at a
propagation distance of 50 cm at different pump powers.
Figure 6(a) shows the intensity patterns of the LG(I) laser
mode at pump powers of 0.68, 1.10, 1.33, and 1.50 W
from left to right, respectively. The stable intensity patterns
illustrate that increasing the pump power has little influ-
ence on the mode purity. The output LG) mode is robust
as well, which can be seen from Fig. 6(b). The pump pow-
ers are 1.88, 2.49, 3.10, and 3.60 W from left to right,
respectively.

[1] H. Kogelnik and T. Li, Laser beams and resonators, Appl.
Opt. 5, 1550 (1966).

o

1 FIG. 6. Mode stability at different
I pump powers. (a) Intensity patterns
: of the LG} mode at the pump pow-
ers of 0.68, 1.10, 1.33 and 1.50 W,
respectively. (b) Intensity patterns of

0 the LG(Z) mode at pump powers of
1.88,2.49,3.10, 3.60 W, respectively.

Intensity
(arb. units)

Intensity
(arb. units)

[2] A.Forbes, A. Dudley, and M. McLaren, Creation and detec-
tion of optical modes with spatial light modulators, Adv.
Opt. Photonics 8, 200 (2016).

[3] L. Allen, M. W. Beijersbergen, R. J. Spreeuw, and J. P.
Woerdman, Orbital angular momentum of light and the
transformation of Laguerre-Gaussian laser modes, Phys.
Rev. A 45, 8185 (1992).

[4] N. B. Simpson, K. Dholakia, L. Allen, and M. J. Pad-
gett, Mechanical equivalence of spin and orbital angular
momentum of light: An optical spanner, Opt. Lett. 22, 52
(1997).

[5] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Entangle-
ment of the orbital angular momentum states of photons,
Nature 412, 313 (2001).

[6] D. Wei, Y. Zhu, W. Zhong, G. Cui, H. Wang, Y. He, Y.
Zhang, Y. Lu, and M. Xiao, Directly generating orbital
angular momentum in second-harmonic waves with a spi-
rally poled nonlinear photonic crystal, Appl. Phys. Lett.
110, 261104 (2017).

[7] X. Fang, G. Yang, D. Wei, D. Wei, R. Ni, W. Ji, Y.
Zhang, X. Hu, W. Hu, Y. Q. Lu, S. N. Zhu, and M.
Xiao, Coupled orbital angular momentum conversions in a
quasi-periodically poled LiTaOs crystal, Opt. Lett. 41, 1169
(2016).

[8] A. Nicolas, L. Veissier, L. Giner, E. Giacobino, D. Max-
ein, and J. Laurat, A quantum memory for orbital angular
momentum photonic qubits, Nat. Photonics 8, 234 (2014).

[9] N. Bozinovic, Y. Yue, Y. Ren, M. Tur, P. Kristensen, H.
Huang, A. E. Willner, and S. Ramachandran, Terabit-scale
orbital angular momentum mode division multiplexing in
fibers, Science 340, 1545 (2013).

[10] J. Wang, J. Y. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H.
Huang, Y. X. Ren, Y. Yue, S. Dolinar, M. Tur, and A.
E. Willner, Terabit free-space data transmission employing
orbital angular momentum multiplexing, Nat. Photonics 6,
488 (2012).

[11] S. W. Hell and J. Wichmann, Breaking the diffraction reso-
lution limit by stimulated emission: Stimulated-emission-
depletion fluorescence microscopy, Opt. Lett. 19, 780
(1994).

[12] A. Alexandrescu, D. Cojoc, and E. Di Fabrizio, Mecha-
nism of Angular Momentum Exchange Between Molecules

014038-7


https://doi.org/10.1364/AO.5.001550
https://doi.org/10.1364/AOP.8.000200
https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1364/OL.22.000052
https://doi.org/10.1038/35085529
https://doi.org/10.1063/1.4990527
https://doi.org/10.1364/OL.41.001169
https://doi.org/10.1038/nphoton.2013.355
https://doi.org/10.1126/science.1237861
https://doi.org/10.1038/nphoton.2012.138
https://doi.org/10.1364/OL.19.000780

DUNZHAO WEI et al.

PHYS. REV. APPLIED 11, 014038 (2019)

and Laguerre-Gaussian Beams, Phys. Rev. Lett. 96, 243001
(2000).

[13] J. Hamazaki, R. Morita, K. Chujo, Y. Kobayashi, S. Tanda,
and T. Omatsu, Optical-vortex laser ablation, Opt. Express
18, 2144 (2010).

[14] J. Arlt, M. MacDonald, L. Paterson, W. Sibbett, K.
Dholakia, and K. Volke-Sepulveda, Moving interference
patterns created using the angular Doppler-effect, Opt.
Express 10, 844 (2002).

[15] J. Ni, C. Wang, C. Zhang, Y. Hu, L. Yang, Z. Lao, B.
Xu, J. Li, D. Wu, and J. Chu, Three-dimensional chiral
microstructures fabricated by structured optical vortices in
isotropic material, Light Sci. Appl. 6, 17011 (2017).

[16] W. Yu, Z. Ji, D. Dong, X. Yang, Y. Xiao, Q. Gong, P.
Xi, and K. Shi, Super-resolution deep imaging with hollow
Bessel beam STED microscopy, Laser Photonics Rev. 10,
147 (2016).

[17] B. Mours, E. Tournefier, and J.-Y. Vinet, Thermal noise
reduction in interferometric gravitational wave antennas:
Using high order TEM modes, Class. Quant. Grav. 23, 5777
(2006).

[18] S. Chelkowski, S. Hild, and A. Freise, Prospects of higher-
order Laguerre-Gauss modes in future gravitational wave
detectors, Phys. Rev. D 79, 122002 (2009).

[19] V. D. Salakhutdinov, E. R. Eliel, and W. Loffler, Full-
Field Quantum Correlations of Spatially Entangled Pho-
tons, Phys. Rev. Lett. 108, 173604 (2012).

[20] E.Karimi, D. Giovannini, E. Bolduc, N. Bent, F. M. Miatto,
M. J. Padgett, and R. W. Boyd, Exploring the quantum
nature of the radial degree of freedom of a photon via
Hong-Ou-Mandel interference, Phys. Rev. A 89, 013829
(2014).

[21] M. Krenn, M. Malik, M. Erhard, and A. Zeilinger, Orbital
angular momentum of photons and the entanglement of
Laguerre-Gaussian modes, Phil. Trans. R. Soc. A 375, 1
(2017).

[22] A. M. Yao and M. J. Padgett, Orbital angular momentum:
Origins, behavior and applications, Adv. Opt. Photonics 3,
161 (2011).

[23] E. Karimi, G. Zito, B. Piccirillo, L. Marrucci, and E. San-
tamato, Hypergeometric-gaussian modes, Opt. Lett. 32,
3053 (2007).

[24] B. Sephton, A. Dudley, and A. Forbes, Revealing the radial
modes in vortex beams, Appl. Opt. 55, 7830 (2016).

[25] M. Granata, C. Buy, R. Ward, and M. Barsuglia, Higher-
Order Laguerre-Gauss Mode Generation and Interferome-
try for Gravitational Wave Detectors, Phys. Rev. Lett. 105,
231102 (2010).

[26] R. N. Lanning, Z. Xiao, M. Zhang, I. Novikova, E. E.
Mikhailov, and J. P. Dowling, Gaussian-beam-propagation
theory for nonlinear optics involving an analytical treat-
ment of orbital-angular-momentum transfer, Phys. Rev. A
96, 013830 (2017).

[27] Y. Senatsky, J. F. Bisson, J. L. Li, A. Shirakawa, M. Thirug-
nanasambandam, and K. Ueda, Laguerre-Gaussian modes
selection in diode-pumped solid-state lasers, Opt. Rev. 19,
201 (2012).

[28] A. Forbes, Controlling light’s helicity at the source: Orbital
angular momentum states from lasers, Phil. Trans. R. Soc.
A 375,1(2017).

[29] D. Naidoo, K. Ait-Ameur, M. Brunel, and A. Forbes, Intra-
cavity generation of superpositions of Laguerre-Gaussian
beams, Appl. Phys. B 106, 683 (2012).

[30] A. A.Ishaaya, N. Davidson, and A. A. Friesem, Very high-
order pure Laguerre-Gaussian mode selection in a passive
Q-switched Nd : YAG laser, Opt. Express 13, 4952 (2005).

[31] I. A. Litvin, S. Ngcobo, D. Naidoo, K. Ait-Ameur,
and A. Forbes, Doughnut laser beam as an incoherent
superposition of two petal beams, Opt. Lett. 39, 704
(2014).

[32] D. Lin, J. M. Daniel, and W. A. Clarkson, Controlling the
handedness of directly excited Laguerre-Gaussian modes in
a solid-state laser, Opt. Lett. 39, 3903 (2014).

[33] D. J. Kim and J. W. Kim, Direct generation of an optical
vortex beam in a single-frequency Nd : YVOy laser, Opt.
Lett. 40, 399 (2015).

[34] D. Naidoo, F. S. Roux, A. Dudley, I. Litvin, B. Piccirillo, L.
Marrucci, and A. Forbes, Controlled generation of higher-
order Poincaré sphere beams from a laser, Nat. Photonics
10, 327 (2016).

[35] R. A. Beth, Mechanical detection and measurement of the
angular momentum of light, Phys. Rev. 50, 115 (1936).

[36] K. Y. Bliokh, F. J. Rodriguez-Fortufio, F. Nori, and A. V.
Zayats, Spin—orbit interactions of light, Nat. Photonics 9,
796 (2015).

[37] L. Marrucci, C. Manzo, and D. Paparo, Optical spin-to-
orbital angular momentum conversion in inhomogeneous
anisotropic media, Phys. Rev. Lett. 96, 163905 (2006).

[38] F. Cardano, E. Karimi, S. Slussarenko, L. Marrucci, C. de
Lisio, and E. Santamato, Polarization pattern of vector vor-
tex beams generated by g-plates with different topological
charges, Appl. Opt. 51, C1 (2012).

[39] V. Magni, Resonators for solid-state lasers with large-
volume fundamental mode and high alignment stability,
Appl. Opt. 25, 107 (1986).

[40] T. Kaiser, D. Flamm, S. Schroter, and M. Duparre, Com-
plete modal decomposition for optical fibers using CGH-
based correlation filters, Opt. Express 17, 9347 (2009).

[41] M. Stalder and M. Schadt, Linearly polarized light with
axial symmetry generated by liquid-crystal polarization
converters, Opt. Lett. 21, 1948 (1996).

[42] Q. Zhan, Cylindrical vector beams: From mathematical
concepts to applications, Adv. Opt. Photonics 1, 1 (2009).

[43] R. Dorn, S. Quabis, and G. Leuchs, Sharper Focus for a
Radially Polarized Light Beam, Phys. Rev. Lett. 91, 233901
(2003).

[44] Z. Chen, Y. Zhang, and M. Xiao, Design of a superoscilla-
tory lens for a polarized beam, J. Opt. Soc. Am. B 32, 1731
(2015).

[45] J. T. Barreiro, T. C. Wei, and P. G. Kwiat, Remote Prepa-
ration of Single-Photon “Hybrid” Entangled and Vector-
Polarization States, Phys. Rev. Lett. 105, 030407 (2010).

[46] M. Rafayelyan and E. Brasselet, Laguerre-Gaussian modal
g-plates, Opt. Lett. 42, 1966 (2017).

[47] R. C. Devlin, A. Ambrosio, N. A. Rubin, J. P. B. Mueller,
and F. Capasso, Arbitrary spin-to—orbital angular momen-
tum conversion of light, Science 358, 896 (2017).

[48] G. D. Xie, Y. X. Ren, Y. Yan, H. Huang, N. Ahmed, L.
Li, Z. Zhao, C. J. Bao, M. Tur, S. Ashrafi, and A. E. Will-
ner, Experimental demonstration of a 200-Gbit/s free-space

014038-8


https://doi.org/10.1103/PhysRevLett.96.243001
https://doi.org/10.1364/OE.18.002144
https://doi.org/10.1364/OE.10.000844
https://doi.org/10.1038/lsa.2017.11
https://doi.org/10.1002/lpor.201500151
https://doi.org/10.1088/0264-9381/23/20/001
https://doi.org/10.1103/PhysRevD.79.122002
https://doi.org/10.1103/PhysRevLett.108.173604
https://doi.org/10.1103/PhysRevA.89.013829
https://doi.org/10.1098/rsta.2015.0442
https://doi.org/10.1364/AOP.3.000161
https://doi.org/10.1364/OL.32.003053
https://doi.org/10.1364/AO.55.007830
https://doi.org/10.1103/PhysRevLett.105.231102
https://doi.org/10.1103/PhysRevA.96.013830
https://doi.org/10.1007/s10043-012-0032-8
https://doi.org/10.1098/rsta.2015.0436
https://doi.org/10.1007/s00340-011-4775-x
https://doi.org/10.1364/OPEX.13.004952
https://doi.org/10.1364/OL.39.000704
https://doi.org/10.1364/OL.39.003903
https://doi.org/10.1364/OL.40.000399
https://doi.org/10.1038/nphoton.2016.37
https://doi.org/10.1103/PhysRev.50.115
https://doi.org/10.1038/nphoton.2015.201
https://doi.org/10.1103/PhysRevLett.96.163905
https://doi.org/10.1364/AO.51.0000C1
https://doi.org/10.1364/AO.25.000107
https://doi.org/10.1364/OE.17.009347
https://doi.org/10.1364/OL.21.001948
https://doi.org/10.1364/AOP.1.000001
https://doi.org/10.1103/PhysRevLett.91.233901
https://doi.org/10.1364/JOSAB.32.001731
https://doi.org/10.1103/PhysRevLett.105.030407
https://doi.org/10.1364/OL.42.001966
https://doi.org/10.1126/science.aao5392

CONTROLLABLE LAGUERRE-GAUSSIAN LASER MODE. .. PHYS. REV. APPLIED 11, 014038 (2019)

optical link by multiplexing Laguerre-Gaussian beams with [50] P. Chen, L. L. Ma, W. Duan, J. Chen, S. J. Ge, Z. H.

different radial indices, Opt. Lett. 41, 3447 (2016). Zhu, M. J. Tang, R. Xu, W. Gao, T. Li, W. Hu, and Y.

[49] M. Woerdemann, C. Alpmann, M. Esseling, and C. Denz, Q. Lu, Digitalizing self-assembled chiral superstructures
Advanced optical trapping by complex beam shaping, for optical vortex processing, Adv. Mater. 30, 1705865
Laser Photonics Rev. 7, 839 (2013). (2018).

014038-9


https://doi.org/10.1364/OL.41.003447
https://doi.org/10.1002/lpor.201200058
https://doi.org/10.1002/adma.201705865

	I. INTRODUCTION
	II. MATERIALS AND METHODS
	A. Working principle of the VWP
	B. Principle of intracavity spin-orbital angular-momentum conversion
	C. Laser cavity design

	III. RESULTS AND DISCUSSION
	A. Lasing threshold and slope efficiency
	B. Mode purities
	C. Laser output of cylindrical vector beams

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: SELF-REPRODUCING PROCESS
	B. APPENDIX B: EXPERIMENTAL SETUP
	C. APPENDIX C: STABLE INTENSITY PROFILES
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


